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1. The neuromuscular control of hemiparetic gait 
One of the most common symptoms of a supratentorial cerebrovasular accident 
(or stroke) is hemiparesis, i.e. weakness of muscles on the body side contralateral to 
the lesion. One of the consequences of hemiparesis is that functional motor tasks 
like walking may become difficult to perform or even impossible. Although the 
majority of stroke patients that initially suffers from gait impairments eventually 
relearns to walk, for a substantial number of patients these problems persist 
throughout the subacute and chronic phases of stroke (Jorgensen et al. 1995; Baer 
and Smith, 2001). Because the ability to walk represents an important ingredient of 
independent functioning, much clinical effort is aimed at the restoration of gait 
ability in persons with post-stroke hemiparesis. In order for treatment to be 
efficient (i.e. to attain optimal effects within restricted time frames), it is important 
that (1) concepts and ideas that guide selection of rehabilitation strategies are based 
on general principles of motor control and learning, and that (2) the effectiveness 
of treatments is empirically established. 
Common to all clinical interventions that are used for gait re-education, is 
the intention to modify the control processes that underlie the production of gait. 
From exercise therapy to the use of gait orthoses (e.g. to facilitate foot clearance 
during the swing phase), all interventions attempt to alter the way in which gait is 
controlled, although in different ways. If we want to understand the effects of these 
treatment strategies or design new ones, we need to have a clear idea of how 
healthy gait is controlled, how these control processes are altered in hemiparesis, 
and which aspects of gait control are sensitive to treatment and recovery. 
Obviously, clinical measures of overall mobility, ambulatory independence, or 
participation in ADL are of very limited value in addressing control aspects of gait. 
Information on the gait control should be obtained primarily by studying the 
movements, forces, and moments involved in gait, as well as their neural and 
neurophysiological origins.  
A crucial element in the chain of processes that leads to the realization of 
gait is the activity of muscles, because this represents the sole mechanism that 
allows the walker to exercise active control over the movement of body segments. 
The contractile force that is exerted by a muscle needs to be scaled appropriately 
for each instant of the movement sequence, resulting in continuous changes in the 
magnitude of force output as a function of gait cycle time. Consequently, 
electromyographic recordings of muscle activity during gait are often described in 
terms of their ‘timing’ and their ‘amplitude’ as separate elements of muscular 
Gait control after stroke 
General Introduction 10 
control.  The focus of this thesis will be primarily on the way hemiparetic walkers 
control the timing of muscle activity in the lower extremities. Although the defining 
characteristic of hemiparesis relates to weakness of the muscles contralateral to the 
lesion (which may be expressed in a reduction in the amplitude of muscle activity), 
aspects of neuromuscular coordination can be captured better by looking at the 
temporal features of muscle activity. This is particularly relevant because the re-
coordination of gait represents an important goal in gait re-education programs for 
patients with post stroke hemiparesis. 
What information on the control of gait is contained in the temporal layout 
of muscle activity? The goal of walking is to move the body from location A to 
location B. In order to achieve this goal, four major subtasks have to be 
accomplished. First, propulsion has to be supplied to the body to cause it to move. 
Second, for the larger part of the gait cycle, 2/3rd of total body mass has to be 
carried by only one leg so that continuous postural control has to be exerted over 
the body to ensure (mediolateral and anterio-posterior) balance during walking. A 
third and related coordinative challenge is to supply adequate support against 
gravity for the head-arm-trunk segment, particularly during the single support 
phase. Finally, during the forward progression of the leg in the swing phase, 
sufficient vertical clearance of the foot has to be realized in order to prevent 
premature contact with the support surface which may result in stumbling. For 
healthy walkers and patients alike, these four subtasks have to be accomplished 
adequately, because failure on either one of these subtasks implies either falling or 
standing still. Because these subtasks are temporally coupled to particular phases of 
the gait cycle, safe and effective realization of gait requires accurately timed muscle 
activity. In healthy walkers, this generally results in rather stereotyped patterns that 
have been documented extensively (Inman et al., 1981; Winter, 1991; Perry, 1992).  
Following stroke, the function and tissue properties of muscles, and their 
timing characteristics during walking often change dramatically. Damage to cortical 
or subcortical motor areas may lead to paresis in muscle groups contralateral to the 
lesion, due to the reduced number of active motor units, their reduced firing rates, 
and their less synchronized firing patterns (Young and Mayer, 1982; Gemperline et 
al., 1995). A few weeks after stroke, spasticity may evolve as a result of central 
disinhibition of reflexes which may eventually result in a structural shortening of 
the involved muscles (i.e. contractures). These impairments may all affect the 
temporal layout of muscle activity over the gait cycle. The temporal abnormalities 
that characterize the neuromuscular control of hemiparetic gait have been a 
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frequently adopted subject for research, and in the following section a brief 
overview is given of these studies.  
 
2. The temporal patterning of muscle activity  in hemiparetic gait: a brief 
overview 
A common conclusion from studies on the temporal patterning of muscle activity 
in stroke patients, is that there is a large variation between patients. This variation is 
due to the individual differences in the size, the type, and location of the lesion, as 
well as to the different compensatory strategies that are used by patients to 
optimize locomotor output in response to the altered neuromuscular constraints. 
As a consequence, gait related muscle activity in hemiparesis cannot be described 
by a single stereotyped set of muscular activation patterns, and attempts that have 
been undertaken to categorize patients according to the abnormalities in their 
muscle activity patterns have not been very convincing (Knutson & Richards, 1979; 
Shiavi et al., 1987). However, on the level of individual muscles a few common 
characteristics can be identified. Perhaps the most common temporal abnormality 
in the electromyographic patterns in post stroke hemiparesis is the prolonged 
activity of hamstring and quadriceps muscles during the stance phase. Whereas in 
healthy subjects these muscles are active only during the late swing and early stance 
phase, several studies in hemiparetic patients have shown that the activity of these 
muscles extends to midstance and may even cover the entire stance phase (e.g. 
Hirschberg and Nathanson, 1952; Peat et al., 1976; Knutson and Richards, 1979; 
Shiavi et al., 1987). Although the prolonged activity of upper leg muscles may be 
interpreted as part of a involuntary extensor synergy (cf. Perry, 1993), it can 
alternatively be explained as a voluntary compensatory reaction to provide an 
additional support moment during the stance phase through increased muscular 
stiffness at the hip and the knee joints. 
Spasticity may be another source of temporal abnormalities in the patterning 
of muscle activity in patients with upper motor neuron lesions. In particular, 
spasticity of the calf muscles has been reported on several occasions and is often 
associated with premature activity of these muscles during the initial stance phase 
(Hirschberg & Nathanson, 1952; Perry, 1978, 1993; Knutson & Richards, 1979; 
Lamontagne et al. 2001 etc.). In addition, calf muscle spasticity has also been 
associated with increased coactivation levels between calf muscles and the tibialis 
anterior during the late swing and early stance phase (Burridge et al., 2001; Hesse et 
al., 1996) or with the absence of the stance-swing burst of tibialis anterior (Burridge 
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et al., 2001; Perry, 1978, 1993). The presence of calf muscle spasticity has often 
been attributed to disinhibited stretch reflexes. However, it is difficult to state 
unequivocally whether the reported timing abnormalities are a direct result of 
spasticity or whether these features reflect an adaptive strategy to prevent foot 
collapse when the foot lands in a plantarflexed position as a result of spasticity of 
the calf muscles, contractures, or ankle dorsiflexor weakness. In this context, it is 
interesting to note that similar patterns of premature calf muscle activity have also 
been reported for habitual toe walkers (Papariello et al., 1985; Policy et al., 2001; 
Griffin et al, 1977; Davids et al., 1999). Similarly, the reduced amplitude of Tibialis 
Anterior activity during end swing/ early stance that has been reported (Burridge et 
al., 2001; Perry, 1978, 1993) may reflect the reduced need for dorsiflexor activity in 
case one lands on a plantarflexed foot.  
Post stroke hemiparesis may also be characterized by spasticity of the 
quadriceps (Faist et al., 1999; Yelnik et al, 1999) resulting in overactivity of the 
rectus femoris during the swing phase of gait (cf. Perry, 1987; Sutherland et al., 
1990). Although this particular timing abnormality has often been associated with 
spastic stiff legged gait, the production of excessive knee extension moments may 
not be the only factor that contributes to insufficient knee flexion during swing. 
Other factors, such as abnormal kinematic conditions at toe-off and the initial 
conditions of the swing phase, e.g. through weakness of hip flexors or ankle 
plantarflexors, may also contribute to the diminished knee flexion seen in stiff-knee 
gait (Kerrigan et al., 1991; Kerrigan and Glenn, 1994; Piazza and Delp, 1996; 
Goldberg et al., 2003).  
 
3. Outline of this thesis 
The overview given above is by no means complete, and the body of literature on 
timing abnormalities in hemiparetic gait is still growing. Nevertheless, there are still 
a number of intriguing questions that need to be answered. Perhaps the most 
important question is whether the aberrant temporal control of muscle activity in 
hemiparesis does, or does not, impair gait function. Although the literature cited 
above makes clear that hemiparetic gait is often characterized by different temporal 
patterns of muscle activity, there is still no convincing evidence to show that these 
abnormalities are related to impaired gait functioning. This question cannot be 
answered by simply correlating ambulatory dysfunctions with temporal 
abnormalities, since gait inabilities and temporal aberrations may both stem from a 
single source without being directly related (e.g. reductions in muscle force output 
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may impair gait function and may also induce different neuromuscular control 
strategies). One way to study the relationship between walking ability and 
neuromuscular abnormalities is to use a longitudinal design and assess whether 
recovery related developments in gait function correspond to changes in the 
temporal structure of muscle activity during gait. Such a study will be described in 
chapters 4 and 5 and forms the core of this thesis. Information on the relationship 
between functional recovery and neuromuscular control is important because it 
may shine light on the question whether modification or normalization of 
neuromuscular patterns should be a target for gait rehabilitation. Furthermore, the 
growing popularity of electromyographic analysis in the evaluation of treatment 
requires a good understanding of neuromuscular patterns in hemiparesis and how 
they are related to gait function. 
Following stroke, gait speed is often dramatically reduced (von Schroeder et 
al., 1995), and studies on the temporal patterning of muscle activity in stroke 
patients need to account for the possible effects of gait speed. Earlier studies have 
shown that walking speed strongly affects the amplitude of muscle activity but that 
the temporal characteristics remain largely unchanged (Hof et al., 2002; Ivanenko et 
al., 2005). However, the speeds that were studied have been confined to speeds 
faster than 0.56 ms-1, and it is not known how the timing of muscle activity is 
affected at slower gait speeds. At the very low end of the walking speed continuum, 
task demands may become significantly different from those experienced at 
comfortable speeds. In particular, demands in terms of postural control may be 
increased, and altered swing phase dynamics may lead to a different, possibly more 
active, control of the swinging limb. In chapter 2, the activity patterns of 8 lower 
extremity muscles will be studied while walking speed was varied systematically 
from normal speeds (1.38 ms-1) to almost standing still (0.06 ms-1). Patterns of 
muscle activity obtained at different speeds were used to calculate the gain 
functions that describe the local modifications in the amplitude of muscle activity 
that are used to implement speed changes. 
In chapter 3, abnormalities in the temporal patterning of muscle activity will 
be described in a group of 24 hemiparetic stroke patients. As early as 1951, Wortis 
and colleagues recorded muscle activity from relevant muscle groups in patients 
with post stroke hemiparesis, an endeavour that has been repeated by others on 
several occasions since (Hirschberg and Nathanson.,1952; Pinzur et al., 1987; Peat 
et al., 1976; Knutson & Richards, 1976; Shiavi et al., 1987). A common problem 
with regard to these studies is that abnormalities were identified on the basis of 
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visual inspection or unsound statistical criteria (e.g. threshold detection), and that it 
is often difficult to interpret such predicates as ‘premature’ or ‘prolonged’ in the 
description of muscle activation patterns. Furthermore, little is known about the 
frequency of particular timing abnormalities and their relationship with the severity 
of the paresis. This information is important, especially since the increased 
popularity of clinical gait analysis requires quantitative and statistically tested 
databases. In chapter 3, cluster analysis of the rectified and filtered EMG signal will 
be employed to describe the duration of (co-)activity during 4 distinct phases of the 
gait cycle for 4 important muscles in both legs. In addition, the relative frequency 
of particular abnormalities was noted, as was their relationship with a clinical 
measure of recovery (i.e. the Brunnstrom motor stage). 
Chapter 4 addresses the question whether gait recovery in the subacute phase 
of stroke coincides with changes in the gross temporal patterning of muscle 
activity. The majority of electromyographic studies on hemiparetic gait were 
designed to identify abnormalities in muscle activity patterns, or addressed whether 
particular interventions aimed at the promotion of gait ability (e.g. the use of 
orthoses, neurolytic drugs, treadmill training, etc.) resulted in an altered temporal 
control of muscle activity. However, it is still unclear whether recovery of gait is 
associated with changes in the patterning of muscle activity. Although a number of 
studies have shown that clinically successful interventions may coincide with 
changes in muscle activity patterns (e.g. Hesse et al, 1996, 1999c; Geboers et al., 
2002; Buurke et al., 2004) it remains unclear whether these changes play any causal 
role in establishing gait improvements, or if they represent an epiphenomenon of 
the altered neurophysiological or biomechanical constraints induced by the 
intervention. Until recently, only one study addressed the changes that occur over 
the course of gait recovery. Shiavi and co-workers (1987) performed a study in 
which electromyographic profiles from the lower extremity of 12 patients were 
compared between the early (1-10 weeks) and the late (6-24 months) phases post 
stroke, using a modification of the classification proposed by Knutson and 
Richards (1979). Although the authors noticed changes in the type of muscle 
synergies displayed by patients, these changes were identified on the basis of visual 
inspection and it remained unclear whether changes in gait speed could have 
affected these patterns. In the study described in chapter 4, the duration of (co-) 
activity from four important muscles in both legs was assessed, during the subacute 
phase of stroke (early after admission, 1, 3, 6, and 10 weeks later) using objective, 
statistical criteria. Furthermore, gait speed was kept constant throughout the 
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assessments. In addition, the general body mobility (Rivermead Mobility Index), 
ambulatory independence (the Functional Ambulation Categories), swing phase 
asymmetry, and maximum gait speed on the treadmill were scored to assess 
whether gait recovery did occur. 
Chapter 5 describes a study in which the recovery related changes in the stride 
to stride variability of muscle activity are addressed. It can be argued that the early 
phases of gait recovery after stroke involve the formation of new neuromuscular 
patterns, but that recovery during the subacute phase of stroke may be concerned 
primarily with improved stability of these newly acquired patterns. Studies on the 
learning of bimanual coordination patterns have shown that the global coordinative 
patterns are established already early during training, and that the larger part of the 
learning phase is concerned with improvements in the cycle to cycle consistency of 
the pattern (Wenderoth et al., 2001). Apparently, the formation and stabilisation of 
coordinative patterns may follow different time courses. Similar principles may 
hold for gait relearning after stroke. Stride to stride variability of neuromuscular 
patterns can arise from (i) Variations in amplitude within one common pattern of 
activity (gain variability), and (ii) Random (i.e. not belonging to a common pattern) 
variations in amplitude or random phase shifts. These two sources of variability 
should be clearly distinguished. Recently, the use of principal component analysis 
has been proposed as a data filtering method (Daffertshofer and Lamoth, 2004; 
Lamoth et al., 2004). In chapter 5, this method will be utilized to assess recovery 
related changes in the gain variability and the residual variability of muscle activity 
patterns. 
The majority of studies on gait control in hemiparesis deal with unperturbed 
gait  in which subjects are instructed to walk ‘from A to B’ at a more or less fixed 
speed (but see Lamontagne et al., 2002, 2005). As a consequence, the 
spatiotemporal step parameters used by patients will be relatively fixed from stride 
to stride. Nevertheless, the ability to make on-line modifications in step length 
represents an important mechanism that can be used e.g. to accommodate different 
walking surfaces or to enhance ambulatory safety. In the study that is described in 
chapter 6, an obstacle avoidance paradigm is used to investigate the ability of 
hemiparetic subjects to alter their step length during ongoing gait. Obstacles were 
presented to the paretic and the non-paretic leg in patients, under varying degrees 
of time pressure. Assessments were made of the failure rates, the stepping strategies 
used (stride shortening or stride lengthening), and the changes in stride length, 
duration, and velocity of the crossing stride and the post crossing stride. 
Gait control after stroke 
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The study of neuromuscular activity at very slow walking speeds may lead to a better 
understanding of the mechanisms underlying speed regulation during walking, and may 
aid the interpretation of gait data in slowly walking patient groups. Extreme reductions 
in walking speed will cause changes in locomotor task demands that may eventually 
result in modifications of the patterning of muscle activity that underlies walking. The 
aim of the present study was to investigate patterns of lower limb muscle activity 
during very slow walking (< 0.28 ms-1), and study the neuromuscular gain functions 
that reflect the phase dependent effects of walking speed on EMG amplitude. Nine 
healthy young adults walked at 7 different walking speeds (1.39, 0.83, 0.28, 0.22, 0.17, 
0.11, and 0.06 ms-1) while EMG was recorded from 8 lower extremity muscles. Results 
showed that the phasing of muscle activity remained relatively stable over walking 
speeds despite substantial changes in its amplitude. However, between 1.39 and 0.28 
ms-1, epochs of Rectus femoris, Biceps femoris and Tibialis anterior activity were 
found that were typical for specific speed ranges. When walking speed was further 
decreased to almost standing still (0.06 ms-1 ), negative gain values were found in 
Peroneus longus during midstance and Rectus femoris in late swing, indicating the 
emergence of new bursts of activity with decreasing walking speed. It is proposed that 
these extra activities may be attributed to increased demands on postural stability, and 
the altered dynamics of the swinging limb at very slow speeds. 
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Introduction 
During walking, the ability to adjust the speed of progression is an important 
mechanism that adapts locomotor activity to changes in environmental demands 
(e.g. to accommodate time pressure or to enhance safety). In general, changes in 
walking speed require the adjustment of a neuromuscular gain factor, whereas the 
global timing characteristics of the muscle activity patterns are essentially preserved 
(Milner et. al, 1971; Murray et. Al, 1984; Nilsson et. al, 1985; Shiavi et. al 1987 ; 
Yang and Winter,1985; Hof et. Al, 2002). This strategy for speed regulation, 
through which a phase specific gain factor modulates relatively invariant basis 
patterns, simplifies control, and enhances computational efficiency.  
The main role of the muscles in the regulation of walking speed is to control 
the accelerating and decelerating forces of individual body segments in order to 
establish safe forward progression (Yang and Winter,1985). As a result, the 
amplitude of muscle activity increases with walking speed because of the need for 
larger muscular force output.  This normal positive relationship may be challenged 
if walking speed is strongly reduced, due to changes in the underlying locomotor 
task demands. Extreme reductions in walking speed will substantially prolong the 
time spent in double support, and one may expect a switch from locomotor to 
merely postural muscular synergies. Also, the larger horizontal excursions of the 
centre of mass associated with slow walking may necessitate more explicit muscular 
efforts to maintain frontal plane balance during walking (cf. Bauby and Kuo, 2000). 
This presumed relationship between speed reduction and dynamic instability is 
further substantiated by recent evidence showing that a decrease in walking speed 
may cause an increase in potentially destabilising vestibulospinal drive (Brandt et. al, 
1999), probably due to diminished proprioceptive input (Dietz et. al, 2001; Horak 
and Hlavacka, 2001). Strong reductions in walking speed may also affect the 
neuromuscular control of the swinging limb.  While at comfortable and fast speeds, 
the swinging leg describes a largely ballistic trajectory and moves under passive, 
gravitational control (Mac Mahon, 1984), strongly reduced walking speeds may 
necessitate a more active mode of control to counteract gravity and guarantee 
sufficient ‘air time’ for the swinging leg. .  
Alterations in swing phase control, and the increased emphasis on dynamic 
balance, may induce modifications in the patterning of lower limb muscle activity 
that are uniquely related to these very low speed ranges. Within normal ranges of 
walking speed (0.75 – 1.75 ms-1), speed effects on electromyographic patterns can 
be described quite accurately by superimposing a few speed related gain functions 
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on a small number of speed independent basis patterns (Hof et. al, 2002). It follows 
that speed induced changes in the timing of muscle activity are established primarily 
through modulation by muscle specific gain functions of a relatively invariant 
locomotor rhythm (cf. Duysens and van de Crommert, 1998). Given the associated 
changes in locomotor task demands described above, one may wonder how these 
same principles are extrapolated to the lowest speed ranges. 
The primary aim of this study was to investigate changes in speed related 
neuromuscular gain, when walking speed was systematically varied from normal 
speeds to almost standing still. While the lower boundaries of the walking speed 
continuum are not usually encountered during normal human walking, they still 
may provide information on the strategies used by the neuromuscular system to 
induce speed modifications. The present study does not provide a database for 
systematic comparison of patient data with standardised values, yet the results from 
the present study may still be of clinical interest.  Since reduced walking speed is a 
key feature of pathological gait (Van Emmerik and Wagenaar, 1996), clinical gait 
analysis as well as gait research on pathological populations may profit from the 
assessment of neuromuscular patterns associated with very slow walking. More 
specifically, studies on very slow walking may help to dissociate between those 
aberrations that are directly related to pathological changes in neuromuscular 
coordination, and those that reflect adaptations to speed related changes in 




Nine healthy subjects volunteered in this study (5 females, 4 males; mean (SD) age 
22.4 (2.35) years; height 1.81 (6.7) m; body mass 66.6  (7.84) kg). None of the 
subjects suffered from any neurological or orthopaedic disorder that may interfere 
with the goals of the study.  
 
Procedure 
Subjects walked on a motor driven treadmill (2.0 * 0.7 m) at seven different walking 
speeds (1.39, 0.83, 0.28, 0.22, 0.17, 0.11, 0.06 ms-1). Two 40 second registrations 
were completed at each walking speed in two quasi-randomised series of 7 trials. 
The order of each series was the same for all subjects. In order to get accustomed 
to walking on the treadmill, subjects were allowed to walk on the treadmill at a self-
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selected speed. During the experiment, no particular instructions were given with 
respect to stride length or cadence. 
 
Data recording 
Electromyographic (EMG) recordings were made using disposable surface 
electrodes (MediTrace ECG 1801 Pellet, (Ag/ AgCl)) with a diameter of 10-12 mm 
and a minimum inter-electrode distance of 24 mm (Graphics Controls, Buffalo NY, 
USA). The electrodes were placed on the skin to measure activity from 8 lower 
extremity muscles: M. Biceps Femoris (BF), M. Semitendinosus (ST), M. Rectus 
Femoris (RF), M. Vastus Medialis (VM), M. Gastrocnemius Medialis (MG), M. 
Soleus (SO), M. Peroneus Longus (PL) and M. Tibialis Anterior (TA). Electrodes 
were placed according to SENIAM conventions (Freriks et. al, 1999). 
Simultaneously, footswitch data of the heel and toe were collected using custom 
made footswitches. Signals were fed into a K-lab SPA 20/8 pre-amplifier with a 
common mode rejection ratio > 95 db and a noise level of < 1 µV rms. Incoming 
signals were high pass filtered using a third order Butterworth filter (- 3db point at 
20 Hz), and low pass filtered using a second order Butterworth filter (- 3db point at 
500 Hz). The incoming electromyographic signals were monitored on-line, to 
ensure sufficient quality of the data. In case of obviously distorted signals, e.g. due 
to movement artefacts or poor skin electrode contact, the necessary measures were 
taken (renewal of electrodes; skin abrasion etc.).The EMG signals as well as the 
footswitch data were digitised at 2400 Hz and stored on computer hard disk for 
offline processing.  
 
Data processing 
Footswitch data were used to determine initial contact (IC) and toe off (TO) of 
each recorded step. EMG signals were full-wave rectified and low-pass filtered at 
25 Hz using custom Matlab software. After exclusion of steps that contained 
clearly distorted signals, the electromyographic data were time normalised with the 
gait cycle taken as 100%. Earlier studies have shown that walking speed not only 
affects step length and step duration, but also the relative durations of the stance 
and swing phase (Nilsson et . al, 1985; Shiavi et. al, 1987). Therefore, in order to 
justify a point to point comparison between EMG profiles found at different 
walking speeds, a second normalisation procedure was applied in which the stance 
and swing phases were normalised separately, to 150 and 100 data points 
respectively.  
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For both types of time normalised data, the individual strides were averaged 
for each subject to obtain an ensemble average for every subject at each walking 
speed. In order to obtain an accurate estimate of the individual ensemble averages, 
as much strides as were available for each condition were used to calculate the 
average profiles (mean number of strides ranged from 15.5  (sd = 8.7) at 0.06 ms-1, 
to 73.5 (sd =4.0) at 1.39 ms-1). For each muscle, these individual averages were then 
amplitude normalised with the peak amplitude at the fastest walking condition (1.39 
ms-1) set to 100%. Finally, these data were averaged over all 9 subjects, to obtain a 
group mean envelope for each of the 8 muscles for each of the 7 walking speeds. 
 
Data analysis  
To estimate the gain functions that describe the speed related changes in EMG 
amplitude over the time normalised gait cycle, the walking speeds of the individual 








ˆ =       [1] 
where 
nivˆ  = normalized speed of subject i for walking speed condition n 
nv  = treadmill speed for walking speed condition n 
g  = acceleration of gravity (= 9.81 m/s2 on earth) 
il0 = body height of subject i 
Next, the slope of the presumed linear relationship between walking speed and 



















  for j =1…250   [2] 
where 
bb,a      = rate of change between walking speed conditions a and b in normalised 
EMG  amplitude per unit change in walking speed (= ms-1) 
xijb , xija = mean EMG value of subject i (1..9) at instant j (1..250) at speed b/a 
vb - va   = difference between walking speeds vb and va (ms
-1) 
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This is identical to the slope value found by regressing the amplitude normalized 
EMG-values on walking speed using a simple least squares criterion  (see figure 1). 
This type of analysis was used to compare differences in EMG amplitude between 
the following pairs of walking speed conditions:  (a) 1.39 ms-1 vs. 0.83 ms-1 , (b) 
0.83 ms-1 vs 0.28 ms-1, and (c) 0.28 ms-1  vs. 0.06 ms-1.  
Regression of the amplitude normalized EMG values (1 .. 250) on walking 
speed (1.39, 0.83, 0.28, 0.06 ms-1) yields slope coefficients for each point in the 
normalized gait cycle. These coefficients quantify the linear dependency of EMG 
amplitude on walking speed, and thus reflect the gain applied by the neuromuscular 
system to establish changes in walking speed. This approach is conceptually similar 
to  
































B  = 312.08 
 
Figure 1. Example of the calculation of the gain factor ’B‘ for one point on the normalised gait 
cycle of the RF (j =150) between 2 walking speed conditions (treadmill speeds: 0.83 ms-1 vs. 1.39 
ms-1). Depicted are the amplitude normalised EMG values for all 9 subjects at both speeds, and 
the regression line with slope B = 312.08. 
 
that used by Hof et al. (2002) for the modeling of speed effects on EMG (see also 
Ramsay and Silverman, 1997). In the present study, this approach is chosen to 
compare speed effects between different pairs of walking speed conditions. It is 
important to note that this type of analysis reflects both the magnitude of the speed 
effect as well as its direction: positive slope values indicate an increase in EMG 
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amplitude with increasing walking speed, whereas a negative value indicates an 
increase in EMG amplitude with decreasing walking speed (i.e. a negative linear 
relationship).   
An important assumption underlying this type of analysis is that all points of 
the gait cycle at different walking speeds are appropriately aligned and share a 
similar time base. Because the relative durations of swing and stance phases are 
known to vary with walking speed (Nilsson et. al, 1985), a simple point-to-point 
comparison between walking speeds based on the normalized step cycle would be 
inappropriate. For instance, activity found in the late stance phase at lower speeds, 
would be compared to early swing activity at higher speeds if conventional step 
cycle normalization would be applied. Therefore, differences in stance – swing 
distribution were corrected by normalizing stance and swing phase separately to 
150 and 100 point respectively. 
 
Results 
Effects of walking speed on the group ensemble average 
After normalizing the step cycle to 100%, the group average profiles were 
calculated for every muscle at each of the 7 walking speeds. In general, the 
amplitude of muscle activity decreased with decreasing walking speed. When the 
peak amplitude of the group ensemble average was taken as 100%, peak activity at 
0.06 ms-1 was found to be decreased to the following percentages: BF = 16.7%, ST 
= 17.6%, RF = 38.2%, VM = 18.0%, MG = 39.9%, SO = 24.4%, PL = 44.0%, and 
TA = 31.8%.  
For a few instances, EMG bursts were found to be very velocity-specific. In 
5 out of 9 subjects, an extra burst of muscle activity was found in the BF at speeds 
of ≤ 0.28 ms-1. This burst typically occurred around the transition between stance 
and swing phase, and varied considerably in amplitude between the 5 subjects. 
However, in all 5 cases, this burst occurred selectively at speeds ≤ 0.28 ms-1, was 
absent at the two fastest speeds, and tended to decrease in amplitude when speed 
became slower than 0.28 ms-1. Although similar episodes of activity were apparent 
in ST as well, these bursts were considerably smaller in amplitude than those found 
in BF. A typical example of this extra burst in the BF, taken from a single subject 
can be seen in figure 3. Note that for this particular subject the amplitude of this 
extra burst in the BF at 0.28 ms-1 exceeds the peak amplitude of this muscle at 1.39 
ms-1 by 22%. Although a similar phenomenon can be seen in ST, the amplitude of 
this burst is much smaller than in the BF and reached only 28 % of peak ST activity 
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at 1.39 ms-1, for this subject. Inspection of figure 2 further suggests that a large 
burst emerges in RF during late stance / early swing phase at 1.39 ms-1. Although 
this burst was never absent, it was present only in a strongly reduced form at speeds 
≤ 0.83 ms-1. This speed dependent burst was found in all of our 9 subjects. Note 
that a similar epoch of speed dependent activity is not apparent in VM.  
During normal human walking, TA shows two distinct bursts of activity 
during the course of the gait cycle. The group ensemble averages for this muscle 
show that its second burst (late swing – early stance phase) is more strongly 
affected by walking speed than is its first burst (early swing). At very slow walking 
speeds (≤ 0.28 ms-1), the second burst is reduced strongly in amplitude so that the 
overall profile at these speeds has arather uniphasic appearance. 
Although the amplitude of SO and MG activity is strongly reduced at slow 
speeds, the ensemble average profiles at these speeds still shows a clear 
resemblance with the typical profiles found at normal speeds. In PL, a local change 
in the shape of its burst becomes apparent at very slow speeds, due to a shift in the 
peak of activity from late stance to midstance. 
 
Changes in the neuromuscular gain functions 
Figures 4 and 5 depict the estimated gain functions for all eight muscles, as they 
were found for three specific comparisons between walking speeds (1.39 ms-1 vs. 
0.83 ms-1; 0.83 ms-1 vs. 0.28 ms-1; 0.28 ms-1 vs. 0.06 ms-1). Between 1.39 and 0.28 
ms-1, gain values are generally positive, indicating an decrease in EMG amplitude 
with decreasing walking speed.  
In BF, a short phase with negative slope values was found at late stance / 
early swing between 0.83 ms-1 and 0.28 ms-1, whereas between 0.28 and 0.06 ms-1, 
large positive gain values were found for this phase of the gait cycle. This suggests 
that, during this particular phase, BF activity increases when walking speed 
approaches 0.28 ms-1 and then again decreases when walking is further slowed 
down to speeds slower than 0.28 ms-1. As becomes apparent from figure 4, a similar 
relationship between walking speed and EMG amplitude was not found for ST. As 
could be expected, in RF an episode of large positive gain values can be found in 
late stance / early swing, indicating that , for speeds between 0.83 and 1.39 ms-1, 
EMG amplitude is strongly dependent on walking speed for this phase of the gait 
cycle (see figure 4). Note that this epoch of positive slope values is absent for 
comparisons between the other speeds. Another salient feature of the RF gain 
functions is the episode of negative values that is found during late swing between 
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Figure 2 Group ensemble average profiles for all 8 muscles at all 7 speeds employed in the 
experiment. Profiles are shown in order of speed, with the treadmill speeds given on the right 
(ms-1). (Abbreviations: BF = Biceps Femoris , ST = Semitendinosus, RF = Rectus Femoris, VM 
= Vastus Medialis, MG = Medial Gastrocnemius, SO = Soleus, PL = Peroneus Longus and TA 
= Tibialis Anterior) 
 
0.06 and 0.28 ms-1. Apparently, the amplitude of muscle activity increased for this 
period of the gait cycle when walking speed became increasingly slow. 
In PL, a short period with negative gain values can be seen during midstance, 
reflecting increased activity for this phase at very slow speeds (see figure 5). For SO 
and MG, the gain functions remain relatively constant over all 3 speed 
comparisons, indicating that the activity of these muscles continues to be sensitive 
to speed changes, even at the slowest walking speeds. Note that, within the lowest 
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Figure 3 Left panel: Average EMG profiles of BF  for one subject. Right panel: Average EMG 
profiles of ST for the same subject. Note the extra burst in BF that occurs in late stance/ early 
swing phase at slower walking speeds (≤  0.28 ms-1). Also note the much smaller amplitude of a 
similar burst in ST. 
 
MG and SO, despite the relative similarity of the slope functions of MG, SO and 
PL between 0.28 ms-1 and 1.39 ms-1.  
 
Discussion 
The results of the present study show that, in general, the amplitude of lower 
extremity muscle activity tends to increase with the speed of progression. In RF, 
TA, PL and BF, changes in the pattern of activity were found that could be 
uniquely related to specific speed ranges. For most muscles, the gain functions that 
regulate the speed related adaptations in muscle activity appeared to be relatively 
stable down to speeds as slow as 0.28 ms-1. When speed was decreased to below 
0.28 ms-1, negative gain values could be detected in some muscles (PL and RF) that 
are indicative of an increase in activity with decreasing speed.  
In order to exert maximum experimental control over the extremely low walking 
speeds employed in this study, it was decided to conduct the experiment on a 
treadmill rather than on a walkway. When walking on a solid surface, extremely 
slow speeds may be realised by sequencing of more or less ‘static’ postures. In 
contrast, on the treadmill,both cadence and step length are imposed on the subject 
by the moving walking surface. In principle this may have affected our results to 
some extent but the differences are likely to be very small. Indeed, the limited 
number of EMG studies that have compared treadmill walking and floor walking, 
failed to show clear differences in the underlying patterns of muscle activity, other 
than minor changes in the amplitude of muscle activity (Murray et. al, 1985; 
Arsenault et. al, 1986). While these studies did not extend to the very low speed 
range it is unlikely that major differences should appear. 
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Figure 4 Estimated gain functions for BF (Biceps Femoris), ST (Semitendinosus), RF (Rectus 
Femoris) and VM (Vastus Medialis) for 3 separate comparisons of walking speeds: Top = 1.39 
ms-1 vs. 0.83 ms-1; Middle = 0.83 ms-1 vs 0.28 ms-1; Bottom = 0.28 ms-1 vs 0.06 ms-1; Positive slope 
values indicate a postive linear relationship between walking speed and EMG amplitude (i.e. a 
decrease in EMG amplitude with decreasing walking speed), whereas negative slope values 
indicate a negative linear relationship between walking speed and EMG amplitude (i.e. an increase 
in EMG amplitude with decreasing walking speed). Vertical lines indicate the onset of the swing 
phase. Note that the gain functions are offset to enhance clarity. 
 
Lower leg muscles 
In the calf muscles, it was found that the activity during late stance (50 – 80% of 
the stance phase) is strongly affected by walking speed. The large positive gain 
factor values indicate that the amplitude of MG and SO activity during this phase 
of the gait cycle is strongly dependent on walking speed, a result that is in 
agreement with earlier work (Duysens et. al, 1991). Quite in contrast, MG and SO 
activity during 30 – 50% of the stance phase appears to be relatively stable over 
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Figure 5 Estimated gain functions for MG (Medial Gastrocnemius), SO (Soleus), PL (Peroneus 
Longus) and TA (Tibialis Anterior) for 3 separate comparisons of walking speeds: Top = 1.39 
ms-1 vs. 0.83 ms-1; Middle = 0.83 ms-1 vs 0.28 ms-1; Bottom = 0.28 ms-1 vs 0.06 ms-1; For further 
explanation, see figure 4 
 
(1983) who found that the amount of energy absorption by the ankle plantarflexors 
during weight acceptance was relatively insensitive to differences in walking speed. 
Furthermore, a recent simulation study showed that MG and SO deliver nearly all 
of the positive work during late to terminal stance (40-60% of the gait cycle) and 
that the contribution of these two muscles to forward progression is larger than 
that of all other muscles taken together (Neptune et. al, 2001). The importance of 
this mechanism is underscored by the finding that late stance MG and SO activity 
continues to be affected by walking speed, even within the lowest speed range (0.28 
– 0.06 ms-1). Apparently, even when walking speed is decreased to almost standing 
still, the plantar flexors still contribute to the production of forward motion.  The 
present result of a continuous scaling of EMG during late stance also demonstrates 
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be a useful mechanism to control swing onset in humans, in analogy with the cat, 
for the full speed scale (Duysens et. al, 2000).  
At speeds ≥ 0.28 ms-1, both the global phasing characteristics of PL, SO and 
MG, as well as their associated gain functions show strong similarities. However, at 
speeds < 0.28 ms-1, the PL gain function shows a short episode with negative 
values, indicating an increase in activity with a decrease in walking speed. It is 
believed that PL plays a role in the maintenance of frontal plane balance during 
walking, and especially its activity during the single support phase appears to be 
important in this respect. An earlier study on the function of PL during walking 
showed that PL activity during foot flat is sensitive to speed changes, and that its 
activity in this phase increases when walking speed is decreased (Louwerens et. al, 
1995). It is known that walking speed affects the mediolateral distribution of foot 
loading, and that the pattern of foot loading shifts to the lateral side of the foot 
when walking speed is decreased (Perttunen and Komi, 2001). Because the lateral 
component of the ground reaction force as well as the amount of foot eversion are 
correlated to the amplitude of PL activity during midstance (Matsusaka, 1986), it 
can be argued that the negative relationship that was found between walking speed 
and PL activity for speed < 0.28 ms-1 serves to generate additional foot everting 
forces in order to prevent excessive foot inversion during the single support phase. 
During normal human walking at regular speeds, TA activity is represented 
by a biphasic pattern that peaks in early swing (first burst) and in late swing-early 
stance (second burst). In the present study, it was found that the second burst of 
TA activity is more sensitive to changes in walking speed than the first burst, 
eventually resulting in a near absence of the second burst at the slowest speeds. 
While the first burst of TA activity serves to dorsiflex the foot and achieve foot 
clearance during early swing, the second burst represents an anticipatory response 
to the upcoming leg loading during early stance. Because the amount of leg loading 
increases with walking speed, the amplitude of the second TA burst that anticipates 
this loading can be expected to be velocity-dependent. In contrast, foot clearance 
must be achieved regardless of walking speed, which explains why TA activity 
during early swing appears to be relatively insensitive to speed changes. The strong 
speed sensitivity of the second TA burst (end swing-early stance) may be of clinical 
interest since the absence or reduced amplitude of this burst has been reported in 
Parkinsonian and hemiparetic persons (Cioni et. al, 1997; Burridge et. al, 2001). 
Because these pathologies are usually associated with strongly reduced gait speeds, 
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the results from the present study suggest that such phenomena could at least partly 
be explained by a speed effect. 
 
Upper leg muscles 
Between 0.83 ms-1 and 1.39 ms-1, a substantial increase in RF activity was found at 
terminal stance - early swing. Although this burst was never absent, not even at the 
slowest speeds, peak activity in this phase at 0.83 ms-1 was only 20.8% of peak RF 
activity at 1.39 ms-1 in the same phase. This phenomenon has been described on 
numerous occasions in the literature (Shiavi et. al, 1987; Perry J, 1992; Scott et. al, 
1994; Annaswamy et. al, 1999; Nene et. al, 1999). This particular epoch of RF 
activity is assumed to generate an additional hip moment to accelerate the leg 
forward at higher walking speeds, and is probably related to the deceleration of the 
shank during initial swing. At walking speeds ≤ 0.28 ms-1, additional RF activity was 
found during late swing while similar speed dependent effects were absent in VM. 
The independence of the activities in these two muscles is important to 
demonstrate that in this case RF activity did not result from vastus cross talk. 
Recent evidence has indeed pointed out that end swing RF activity is sometimes 
due to cross talk from the vasti (Nene et. al, 2002). 
The origin of the negative speed-amplitude relationship that was found for 
RF at the end of the swing phase at very slow speeds is likely to be found in its 
action on the hip. It can be hypothesized that, at very slow walking speeds, the 
pendulum like properties of the swinging leg can no longer be utilized for forward 
progression throughout the full swing phase. Instead, the passive dynamics may 
force the leg to swing backwards and to prematurely end the swing phase. 
Additional RF activity may be used to establish extra hip flexion and counteract this 
problem. 
In BF, an extra epoch of activity was found during late stance/ early swing 
when walking speed was decreased to 0.28 ms-1. When speed was lowered to < 0.28 
ms-1, this burst gradually decreased in amplitude. Although this speed dependent 
component of BF activity has been described on previous occasions in the 
literature (Shiavi et. al, 1987; Perry, 1992), it did not yet receive much attention. The 
observation that this phenomenon did not occur in all of our subjects suggests that 
it is possibly related to a neuromuscular strategy to adapt to exceptionally low 
walking speeds. Since similar bursts of activity were either absent or of considerably 
smaller amplitude in ST, it can be assumed that this speed dependent phase of BF 
activity is related to the production of a force aimed at an late stance exorotation of 
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the lower leg (both muscles are synergists for hip extension and knee flexion but 
they differ with respect to exorotation).   
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Abnormalities in the temporal patterning of lower 
extremity muscle activity in hemiparetic gait 
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Following hemiparetic stroke, the timing of lower extremity muscle activity during gait 
often undergoes radical changes. In the present study, we compared the duration of 
activity in Biceps femoris (BF), Rectus femoris (RF), Tibialis anterior (TA) and 
Gastrocnemius medialis (GM) for 4 subphases of the gait cycle (first double support 
phase (DS1), the single support phase (SS), the second double support phase (DS2) and 
the swing phase (SW)) and compared these between 24 hemiparetic stroke patients and 
14 healthy controls. In the upper leg, durations of BF and RF activity during SS were 
significantly longer on the paretic side (70% for BF, and 78% for RF) as well as on the 
nonparetic side (71% for BF, and 81% for RF), when compared to controls (45% and 
53% for BF and RF, respectively). As a result, the duration of BF-RF coactivity during 
SS was longer in both legs of patients with stroke (61% in the paretic and 62% in the 
nonparetic leg) relative to control values (25%). In addition, during DS1 of the paretic 
leg, the total amount of BF-RF coactivity was abnormally long (82% vs 57% in controls). 
In the lower leg, longer total durations of GM activity were found during DS1 on the 
paretic side in people with stroke (51%) than in controls (38%). In the paretic TA, longer 
durations of activity were observed during SW (73% vs 60% in controls), whereas 
smaller total durations of activity were found during SS (28% vs 48% in controls). No 
statistically significant differences were  found between the paretic and nonparetic leg 
within patients, except for the mean total duration of TA activity during DS1 (50% and 
69% for the paretic and nonparetic leg, respectively). Overall, these results suggest that, 
despite large interindividual differences, some  common disturbances can be observed in 
the temporal layout of muscle activity and coactivity associated with hemiparetic gait. 
Although these disturbances are more pronounced in the paretic leg, muscle activation 
patterns of the nonparetic leg also display some clear abnormalities.  
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Introduction 
In healthy as well as in pathological human gait, the following 5 major locomotor 
subtasks need to be accomplished (Winter, 1987): absorption of mechanical energy 
during the early stance phase, the provision of body support, the maintenance of 
postural balance, the realization of foot clearance during the swing phase, and the 
generation of propulsion (either by the stance limb or by other mechanisms) to 
effect forward progression. For each instant in the gait cycle, the muscle activity 
involved in the production of gait needs to reconcile these time dependent task 
demands with the relevant (bio-)mechanical constraints (resulting from e.g. joint 
configurations and external moments).As a consequence, in healthy gait, the 
temporal characteristics of gait related muscle activity follows rather stereotyped 
patterns. Following cerebral stroke, the temporal ordering of muscle activity during 
walking is often disrupted, either through impairments in the central control of the 
timing of muscle activity, or through the development of compensatory 
neuromuscular strategies. 
Over the past five decades, a number of studies have been conducted to 
assess the patterning of lower extremity muscle activity during hemiparetic gait. A 
common conclusion has been that there is considerable intersubject variability, and 
that abnormalities in muscle patterning only apply to subgroups of patients, and not 
to the hemiparetic population as a whole (cf. Knutsson and Richards, 1979; Shiavi 
et. al, 1987). Among the more common timing abnormalities found in hemiparetic 
gait are the absence or reduced amplitude of specific components of the activation 
pattern (e.g. the burst around the transition from swing to stance in Tibialis 
anterior; (Perry, 1993; Burridge et. al, 2001), the prolongation of existing bursts of 
muscle activity during the stance phase (most notably in the muscles of the upper 
leg Hirschberg and Nathanson, 1952; Shiavi et. al, 1987), and the premature activity 
of the calf muscles during the early stance phase (Perry et. al, 1978; Knutsson and 
Richards, 1979). A common problem regarding the interpretations of the results 
from these studies, is that it is often difficult to assess the exact criteria that have 
been used to assign such predicates as 'premature' or 'prolonged' to 
electromyographic patterns. The reason for this is that the detection of 
abnormalities in EMG patterns has usually been based on visual inspection of 
ensemble averaged EMG profiles, using undefined criteria (but see Peat et. al, 1976; 
Lamontagne et. al, 2000). However, the growing interest in the use of clinical gait 
analysis for diagnostic and evaluative purposes requires the availability of objective 
and quantitative data on abnormalities in the muscle activation patterns of patients 
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with hemiparesis. Furthermore, because of the large intersubject variability with 
regard to these abnormalities, it is necessary to have information on the relative 
frequencies of these abnormalities in the hemiparetic population. 
Although the assessment of hemiparetic gait has usually been restricted to 
the activity of individual muscles, a more elaborate picture of neuromuscular 
coordination may be obtained if the relative temporal coordination of agonist-
antagonist muscle pairs would also be addressed. With regard to hemiparetic stroke, 
coactivation is of particular interest, since it has been suggested that the synergistic, 
mass activity of flexors (during the swing phase) and extensors (during the stance 
phase) represents a key characteristic of muscle control in this population 
(Brunnstrom, 1966; Perry, 1993). Furthermore, increased durations of coactivity 
between agonist/ antagonist pairs may represent an important coordinative strategy 
to adapt to primary impairments in muscle force output (Lamontagne, 2000).   
Based on objective statistical criteria, the present study tries to identify 
common abnormalities in the temporal layout of lower extremity muscle activity 
and coactivity in hemiparetic gait. The analytical approach used involves averaging 
the duration of activity over individual steps, for 4 distinct phases in the gait cycle 
(first and second double support phases, single support phase, and swing phase). 
This way, we assessed the patterns of activity and coactivity of both the paretic and 
the nonparetic lower extremity in patients with hemiparetic stroke. This strategy 
was chosen because hemiplegic gait is often associated with abnormalities in the 
temporal layout of the gait cycle (von Schroeder et al., 1995; Roth et al, 1997). As a 
consequence, (group) comparisons of EMG timing characteristics in terms of 
percentage gait cycle time are difficult to make (e.g. muscle activity at 70 % of gait 
cycle time may correspond to swing activity in healthy subjects or to stance activity 
in the non paretic leg of a hemiplegic walker). In this study, we tried to avoid this 
potential problem by calculating the mean duration of activity for four subphases of 
the gait cycle. In case temporal abnormalities were identified on the group level, an 
additional analysis of individual patient data was performed to obtain the relative 
frequency of this abnormality. In order to quantify the amount of time that a 
muscle was active during different phases of the gait cycle, EMG signals were 
dichotomised into periods of muscle activity and muscle inactivity. Quite 
commonly, detection of muscle activity is achieved by setting an a priori threshold, 
either in terms of the absolute amplitude of the signal or in terms of the variance of 
the signal (see Hodges, 1996 for a review). However, the choice of these threshold 
levels is rather arbitrary, and should be tuned according to the properties of the 
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analysed signal (e.g. to the signal to noise ratio) for optimal results. Therefore, in 
the present study, we employed an analytical strategy that does not depend on a 
priori threshold settings, using an application of k-means clustering of the rectified 
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Methods 
Subjects 
Twenty-four patients with stroke (14 female) and 14 healthy control subjects (8 
female) participated in this study. The mean age in the patient group was 58.58 
years (sd = 13.17). The mean time post stroke was 8.75 months (sd=6.16), although 
this varied considerably among patient (range 3 – 21 months). Fourteen patients 
suffered from right sided hemiparesis and 10 patients from left sided hemiparesis. 
The mean age of the control group was 42.85 years (sd=12.3). 
The inclusion criteria for patients were: (1)-. a first-ever supratentorial stroke 
(due to either hemorrhage or infarction), (2)-. admission to the rehabilitation center 
for restoring independency of gait, and (3)-. have a Functional Ambulation 
Categories score of at least 2 (‘Patient needs continuous or intermittent support of one person 
to help with balance or coordination’) and at the most 4 (‘Patient can walk independently on 
level ground, but requires help on stairs, slopes or uneven surfaces’). Exclusion criteria were: 
medical conditions that are known to affect walking performance, other than 
stroke; severe forms of aphasia or cognitive problems that would hinder 
comprehension or cooperation; severe emotional or behavioral problems, and 
severe visuospatial neglect, as indicated, by abnormal scores on two or more of the 
following tests: the line bisection test (Schenkenberg et. al, 1980), the letter 
cancellation task  (Diller et. al, 1974), the Bells test (Gauthier et. al, 1989), and the 
clock drawing test (Wilson et. al, 1987). None of the control subject reported to 
have a history of neurological or orthopaedic problems that could have affected the 
ability to walk. 
Prior to the study, all patients underwent a clinical examination by an 
experienced physician, in which problems in trunk control, the degree of lower 
extremity motor selectivity (i.e. the Brunnstrom motor stage), and impairments in 
sensibility were scored (cf. de Haart et. al, 2004). Table 1 provides a summary of the 
patient characteristics). All participants gave their written informed consent. The 
study was approved by the regional medical-ethical  committee Arnhem-Nijmegen. 
 
Setup and protocol  
All subjects walked on a motor driven treadmill (walking surface 200 by 70 cm) for 
40 seconds. The mimimum number of strides that had to be collected during this 
period was set to 10. Patients walked at a self-selected speed. The mean walking 
speed in the patient group was 0.35 ms-1 (sd=0.21), although this varied 
considerably among patients (range 0.11 to 1.06 ms-1). Patients were allowed to hold 
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on to a rail in front of the treadmill to maintain their balance. The height of the rail 
was adjusted for each patient, so that it could be used for subtle balance corrections 
only, and not for body unloading. Although all patients wore a harness for safety, 
no body weight support was provided. Patients were not allowed to wear an 
orthosis. Neither were they allowed to receive manual assistance from a therapist. 
For half of the control subjects, the treadmill speed was set to 0.56 ms-1 , whereas 
for the other half treadmill speed was set to 0.28 ms-1. In the analysis, these 14 
control subjects were considered as one group with a mean gait speed of 0.42 ms-1. 
 
Data recording 
Disposable surface electrodes (MediTrace ECG 1801 Pellet, (Ag/ AgCl)) with a 
diameter of 10-12 mm and a minimum inter-electrode distance of 24 mm (Graphics 
Controls, Buffalo NY, USA) were used to record activity from Biceps femoris, 
Rectus femoris, Tibialis anterior, and Gastrocnemius medialis, from both legs. 
Electrodes were placed according to SENIAM conventions (Freriks et. al, 1999). 
Incoming signals were fed to a K-lab SPA 20/8 pre-amplifier (common mode 
rejection ratio > 95 db; noise level of < 1 µV rms), and subsequently high pass 
filtered using a third order Butterworth filter (- 3db point at 20 Hz), and low pass 
filtered using a second order Butterworth filter (- 3db point at 500 Hz). Next, the 
EMG data were digitised at 2400 Hz., and stored on computer hard disk. A light 
reflective marker was attached to the heel of both feet, and recorded by 5 infrared 
cameras (PRIMAS ). These kinematic data were sampled at 100 Hz, stored on 
computer hard disk, and used for detection of the stance and swing phase of the 
gait cycle (see below). 
 
Detection of muscle activity 
This detection process involves several steps, and is illustrated in figure 1. First, the 
electromyographic data were high pass filtered at 10 Hz to attenuate the effects of 
movement artefacts. Next, the signals were full wave rectified and low pass filtered 
at 25 Hz (figures 1a and 1b). Subsequently, the linear envelope of the EMG signal 
was transformed into a set of discrete values using a k-means clustering algorithm 
(figure 1c). The goal of k-means clustering is to find similarities between data points 
and to group these data points according to their similarities. This is accomplished 
by assigning all individual data points to one of ‘k’ clusters, such that some metric 
(e.g. the squared Euclidean distance) relative to the centroids of the clusters is 
minimized. Eventually, all data points are grouped into one of ‘k’ disjoint clusters 
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Figure 1. Example of the detection of muscle activity in EMG signals. The top left panel shows a 
raw EMG signal. The top right panel shows the same signal after rectification and low pass 
filtering at 25Hz. The bottom left panel shows the same signal after transformation into discrete 
values using k-means clustering (number of clusters = 5) of the rectified and filtered data. Muscle 
activity and muscle inactivity were separated by assuming that data points in the cluster with the 
lowest mean value corresponded with episodes of muscle inactivity and data points belonging to 
other clusters to muscle activity. The bottom right panel shows the original raw EMG signal with 
the detected periods of activity indicated in grey shaded areas. 
 
(Mac Queen, 1967). Note that the number of clusters is set a priori, but that the rest 
of the grouping process is totally unsupervised.  
In the rectified and filtered EMG signal, periods of muscle inactivity are 
represented by data with a relatively stationary (i.e. not time varying) mean. For 
dichotomisation of the signal into periods of muscle activity and inactivity, we can 
capitalise on this property by using the k-means clustering algorithm. Because data 
points that correspond to muscle inactivity form a relatively homogeneous dataset, 
these data will be classified as belonging to one separate cluster by the k-means 
clustering algorithm. By definition, this will be the cluster with the lowest mean 
value. Data that belong to this cluster are assumed to correspond with periods of 
muscle activity and, consequently, data that are assigned to other clusters (i.e. 
Gait control after stroke 
Chapter 3 45
clusters with higher mean values) are classified as representing periods of muscle 
inactivity.  Figure 1d shows an example of the eventual classification result 
superimposed on the original EMG signal. 'Note that even short and transient 
epochs of muscle activity are detected in the signal, and that the presently used 
method does not make any a priori assumptions about the number of bursts that 
shuld be present in the gait cycle for a particular muscle. This property may be 
particularly convenient for the study of timing characteristics in abnormal 
populations when the number of bursts to be detected are difficult to specify in 
advance (e.g. when spcific bursts are missing or when multiple bursts are present 
within one gait cycle). Because of this property, and the detection process is 
completely unsupervised, it may be particularly useful for applications in clinical gait 
analysis.' The adequateness of the present procedure depends to some extent on the 
cut-off frequency of the low pass filter used (10 Hz in this case), and on the 
number of clusters ‘k’ that is set a priori. Further note that in case of a 
homogeneously distributed data set (i.e. a muscle displays no activity or continuous 
activity), this algorithm renders meaningless results. Visual inspection of the raw 
data showed that no such signals were present in the data set used for this study. 
For all data analysed in this study, the number of clusters was set to 5.  
 
Data analysis 
Heel strike and toe off for each leg were determined using speed distribution 
analysis of the heel marker data (Peham et. al, 1999). This information was used to 
determine the swing phase (SW), the first double support phase (DS1), the second 
double support phase (DS2), and the single support phase (SS), for each leg (for an 
explanation of these gait phases, see figure 2a). For each of these subphases of the 
gait cycle, the duration was determined as a percentage of the total gait cycle time. 
For all of the four subphases, the percentage of time for which a muscle was active 
was determined for each step, and subsequently averaged over all steps, for each 
subject. Similarly, the average percentage of time that a muscle pair was active 
simultaneously was calculated within each leg, for BF and RF, and for GM and TA, 
to obtain an estimate of the duration of coactivity of these muscle pairs. All EMG 
signals and marker data were analysed using custom Matlab software. 
 
Statistical analysis 
Differences between patients and controls (the between factor GROUP) in the 
relative duration of the DS1 and the SS phase (% of gait cycle), and in the mean 
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total durations of muscle (co-) activity for each of the 4 gait phases, were tested by 
means of a Mann-Whitney U test. Within the patient group, differences between 
the paretic and nonparetic leg (within factor ‘SIDE’) with regard to these variables 
were assessed using a Wilcoxon matched pairs signed ranks test. For each of these 
tests, Bonferoni corrections were made to maintain the familywise alpha level at .05.  
In case of a statistically significant difference in EMG values for the patient 
and the control group, two additional analyses were performed. First, an analysis 
was performed to compare two subgroup of patients that were classified according 
to the severity of their paresis. Patients with lower extremity Brunnstrom scores ≤ 4 
(i.e. at most ‘increased muscle tone with alternating gross movements in extension 
and flexion synergies ‘) were considered ‘more severely affected’, whereas patients 
with Brunnstrom scores >4 (i.e. at least ‘muscle tone normalization with some 
degree of selective muscle control’) were considered ‘less severely affected’’. 
Secondly, the number of patients were counted that had mean individual values 
above or below the mean of the control group +/- 2 sd’s. For these selected 
patients, the ensemble averaged EMG patterns were calculated. For this purpose, 
the EMG signals were time normalized with respect to the stance and swing phase 
separately, to ensure adequate temporal alignment between individual time series. 
Next, the averaged patterns of each subject were amplitude normalized with respect 
to the peak value of each pattern to allow comparisons between EMG patterns 
despite interindividual differences in the amplitude of muscle activity. 
 
Results 
The mean number of strides that could be obtained from patients was 19.54, but 
varied considerably among subjects (sd=6.64; range 10 to 33 strides). Within the 
control group, the mean number of strides recorded was 25.71 (sd=10; range 10 to 
48 strides). 
 
A. Duration of subphases of the gait cycle 
Comparisons of the duration of the DS1 (= contralateral DS2 phase) and the SS (= 
contralateral SW phase) subphases of the stride cycle were made between patients 
with stroke and control subjects. The mean duration of DS1 in the control group 
(14% of gait phase duration, sd=5; p<.05) was significantly shorter than in the 
paretic leg (19% of stance phase duration, sd=7; p<.05) but not for the nonparetic 
leg of patients (18%, sd=5; p=.083). With regard to the SS phase, the mean  
 
























Figure 2. A. Explanation of the gait phase classification used in this study. B. Mean (+ sd) 
relative duration of the DS1 and SS phases of the gait cycle for the paretic leg (black), the 
nonparetic leg (grey) and for controls (white). Note that the DS2 and SW phases are not shown 
because they are equivalent to the contralateral DS1 and SS phase respectively. 
 
duration for the paretic leg (31%; sd=10) as well as for the nonparetic leg (32%; 
sd=9) was significantly shorter than the duration found in the control group (37%; 
sd=7; p<.05). Also. the relatively small difference between SS duration of the 
paretic and nonparetic leg (mean difference nonparetic leg-paretic leg = 1.27%; 
sd=3.82), corresponded with a statistically significant result for the factor SIDE 
(p<.05) for this phase of the gait cycle.  
 
B. Temporal patterning of muscle activity over the four subphases of the gait cycle. 
The average durations of muscle activity for all 4 gait phases and the four muscles 
of both legs are depicted in Figure 3.  
 
Gait control after stroke 
Abnormalities in gait related muscle activity after stroke 48 
Biceps Femoris (BF). 
Increased durations of BF activity during the SS phase were found, in the paretic 
(70%, sd=20; p<.05) as well as in the nonparetic leg (71%, sd=20; p<.05) when 
compared to controls (45%, sd=20). On the paretic side, 15 patients showed 
increased durations of BF activity during the SS phase (see panel A of figure 4), 
whereas an equal number of patients increased durations on the nonparetic side 
(see panel B of figure 4) . 
 
Rectus Femoris (RF).  
Increased durations of BF activity during the SS phase were found, on both the  
paretic side (78%, sd=29; p<.05) and the nonparetic side (81%, sd=24; p<.05)  
compared to the control group (53%, sd=35). On the paretic side, 14 patients 
showed increased durations of BF activity during the SS phase (see panel C of 
figure 4), whereas 16 patients increased durations on the nonparetic side (see panel 



















Figure 3. Mean (+ sd) duration of muscle activity for Biceps femoris (top left panel), Rectus 
femoris (top right panel), Tibialis anterior (bottom left panel), and Gastrocnemius medialis 
(bottom right panel), for each of the four subphases of the gait cycle (ds1= first double support 
phase; ss= single support phase; ds2= second double support phase; sw= swing phase). 
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Tibialis Anterior (TA). 
During the SS phase, the mean relative duration of TA activity was shorter in the 
paretic leg of patients (28, sd=28) than it was in controls (48, sd=29; p<.05). The 
ensemble averaged pattern of activity of the 12 patients that scored below the mean 
-2sd’s value of the control group are depicted in panel E of figure 4. In contrast, the 
mean relative duration of TA activity on the paretic side during the SW phase was 
longer for patients (73, sd=17)  than it was in the control group (60, sd=31; p<.05). 
This abnormality was apparent in 13 patients (see panel F of figure 4). Also, within 























Figure 4: Ensemble averaged EMG patterns for subgroup of patients with specific 
abnormalities. Panel A: longer mean total duration of SS activity in the paretic BF (n=15); Panel 
B: longer mean total duration of SS activity in the nonparetic BF (n=15); Panel C: longer mean 
total duration of SS activity in the paretic RF (n=14); Panel D: longer mean total duration of SS 
activity in the nonparetic RF (n=16); Panel E: shorter mean total duration of SS activity in the 
paretic TA(n=12); Panel F: longer mean total duration of SW activity in the paretic TA(n=13); 
Panel G: longer mean total duration of DS1 activity in the paretic GM (n=10); Ensemble average 
EMG patterns for the control group are shown in the left column. 
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higher on the nonparetic (mean 69%, sd=23) than on the paretic side (mean 50%, 
sd=31). Further analysis showed that the smaller percentages of TA activity during 
the DS1 phase of the paretic leg were largely due to decreased durations of activity 
in the more severely affected subgroup (28% (sd=22)  vs. 63% (sd=29) in the less 
severely impaired subgroup (p<.05)).  
 
Gastrocnemius Medialis (GM).  
The mean relative duration of GM activity during DS1 for the patients’ paretic leg 
(51, sd=26) was significantly longer than in the control group (36, sd=26; p<.05). 
This abnormality was apparent in 10 of the 24 patients (panel G of figure 4) Further 
analysis showed that the percentage DS1 activity in the paretic GM was  
significantly larger in more severely impaired patients (66%, sd=15) when 
compared to the rest of the patient group (42%, sd=27; p<.05).  
 
C. Coactivation between muscle pairs over the four subphases of the gait cycle 
Figure 5 depicts the mean coactivation level for BF-RF and TA-GM.  
 
BF-RF coactivation.  
Because the mean total duration of BF and RF activity during the SS phase were 
abnormally long, the amount of BF-RF coactivity exceeded control levels (25, 
sd=21) for both the paretic (61, sd=31; p<.05) and the nonparetic leg (62, sd=31; 
p<.05). In the paretic leg, abnormally long durations of BF-RF coactivity was 
found for 18 patients, whereas abnormally long coactivity durations in the 
nonparetic leg were observed in 15 patients. In addition, during DS1, the relative 
duration of BF-RF coactivity in the paretic leg (82, sd=17) was longer than in 
controls (57, sd=33; p<.05), with 13 patients showing above normal durations of 
coactivity for this muscle pair. Although the same tendency was observed for the 




No statistically significant differences in TA-GM coactivation were found for any 
of the gait phases, either between patients and controls, or between the paretic and 
the nonparetic leg. 
 
 























Figure 5. Mean (+ sd) relative time two muscles in a muscle pair are simultaneously active for 
each of the four subphases of the gait cycle (ds1= first double support phase; ss= single support 
phase; ds2= second double support phase; sw= swing phase). Shown are the duration of 
coactivation between Biceps femoris and Rectus femoris (top left panel), Biceps femoris and 
Tibialis anterior (top right panel), Biceps femoris and Gastrocnemius medialis (left middle panel), 
Rectus femoris and Tibialis anterior (right middle panel), Rectus femoris and Gastrocnemius 




Based on statistical criteria, we identified abnormalities in the temporal patterning 
of lower extremity muscle activity and coactivity in hemiparetic gait. The results 
suggest that the typical temporal lay-out of gait related muscle activity that is 
observed in healthy persons is disturbed in the majority of hemiparetic stroke 
patients. Despite large interindividual differences, we were able to find some 
systematic differences in the temporal patterns of muscle activity and coactivity 
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between hemiparetics and controls. Although disturbances are more pronounced in 
the paretic leg, muscle activation patterns of the nonparetic leg also display some 
clear abnormalities.  
 
Duration of subphases of the gait cycle  
The temporal lay-out of the step cycle was significantly altered in stroke patients 
when compared to controls. In particular, stroke patients spent significantly less 
time in single support, and more time in the double support phases Although the 
difference in DS1 duration of the nonparetic leg form control values did nit reach 
statistical significance, the same difference in SS duration did. These results confirm 
findings by others showing that the time spent in phases when full body weight has 
to be supported by only one leg is reduced in hemiparetic gait (Shiavi et. al, 1987; 
Lehman et al. 1987; Olney et. al, 1991). These temporal abnormalities might be 
related to the diminished propulsive power in the paretic leg, leading to reductions 
in swing phase duration on the nonparetic side, or to an adaptive mechanism that is 
used to secure dynamic balance and body support by prolonging the time spent 
with both legs on the ground (Olney and Richards, 1996). The employment of such 
a strategy may also be influenced by psychological factors, e.g. self confidence. 
Although statistically significant differences were found for the duration of the SS 
phase between the paretic end nonparetic leg, the magnitude of these differences 
was small: The single support phase was only 1.3% of stance phase duration longer 
on the nonparetic side. This relatively small difference may be partly related to the 
use of a treadmill in the present study. As was shown by Harris-Love and co-
workers (2001), the durations of gait cycle subphases (e.g. single support duration, 
stance-swing ratios) can become more symmetric in stroke patients when they walk 
on a treadmill compared to overground walking.  
 
Upper leg muscles 
A prominent feature of the temporal patterning of leg muscle activity in patients 
with hemiparesis was the prolonged activity of BF and RF during the SS phase of 
the paretic as well as the nonparetic leg. As a result, the duration of BF-RF 
coactivity during the single support phase of both legs was also significantly 
prolonged. In addition, longer durations of BF-RF coactivity were found during the 
DS1 phase of the paretic leg in more than half of the patients. The present results 
confirm those from earlier studies (Hirschberg and Nathanson, 1952; Peat et. al, 
1976; Knutsson and Richards, 1979; Shiavi et. al, 1987) suggesting that the 
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prolonged activity of quadriceps and hamstring muscles during the stance phase 
represents a common feature of neuromuscular coordination in hemiparetic gait. 
Analysis of the individual patient data further showed that this abnormality was 
present in the majority of patients, in the paretic as well as in the nonparetic leg. 
The latter finding confirms observations made by others indicating that aberrant 
muscular control in the upper leg of patients with hemiparesis is a bilateral 
phenomenon (Shiavi et. al, 1987; Wortis et. al, 1951).  
 Because the periods of prolonged SS activity of the upper leg muscles 
coincided with the normal activity periods of ankle plantar flexors, one may 
consider the abnormal upper leg activity during the SS phase as part of a more 
general extensor synergy during this phase of the gait cycle. Mass extensor activity 
in post stroke hemiparesis has been attributed to impairments in the central control 
of walking resulting in the development of primitive synergistic extensor activity of 
hip, knee and ankle muscles during the stance phase (Brunnstrom, 1966; Perry, 
1993). Although the present results do not justify definite statements on the origins 
of this phenomenon, there are some indications that the mass extensor activity that 
was found in this group of patients is not necessarily related to impairments in the 
pattern generating mechanisms (resulting in a less selective recruitment of leg 
muscles), but rather reflects an adaptive locomotor strategy. First, the amount of 
BF-RF coactivity during stance that we found was not related to a clinical measure 
of the level of muscle selectivity (i.e. the Brunnstrom stage of recovery), suggesting 
that impairments in the ability to selectively recruit muscles during isolated 
movements cannot explain the patterns of mass extensor activity found during gait. 
Furthermore, the patterns of increased durations of quadriceps-hamstrings 
coactivation during stance is not unique for stroke and has been found e.g. in spinal 
cord injury (Leroux et. al, 1999), and diabetic neuropathy (Kwon et. al, 2003), as 
well as in infant stepping (Okamoto et. al, 2003). These findings suggest that the 
prolonged stance activity of upper leg muscles could be related to a more general 
neuromuscular strategy that may serve to supply additional support, e.g. to the 
knee. This may be related to insufficient calf muscle strength since these muscles 
provide the largest contribution to body support during the SS phase (Kepple et. al, 
1997] Possibly, impaired muscle strength on the nonparetic side may explain why 
similar patterns of adaptive coactivity of extensor muscles were present in the 
nonparetic leg as well. As was shown by Adams and coworkers (Adams et. al, 1990) 
the reduction in strength in the nonparetic leg is most notable in the distal muscles, 
e.g. the ankle plantarflexors. The increased duration of BF- RF coactivity may 
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alternatively be explained as a strategy to hold the head-arm-trunk segment against 
gravitational forces in case of forward postural lean (Olney and Richards, 1996), or 
to provide knee stability in order to prevent knee hyperextension or knee collapse. 
 
Lower leg muscles 
In GM, significantly longer durations of GM activity were found during the DS1 
phase, suggesting that  the onset of GM activity occurred earlier in the gait cycle. 
Overactivity of the calf muscles during the early stance phase appears to be a fairly 
common abnormality following stroke (e.g. Knutsson and Richards, 1979; Perry, 
1978), a phenomenon that has been ascribed to the lack of cortically mediated  
inhibition of stretch reflexes and the presence of a spastic dropfoot during swing 
(Yelnik et. al, 1999; Burridge et. al, 2001). However, similar patterns of premature 
calf muscle activity can be observed during toe walking in healthy subjects (Perry et. 
al, 2003) which raises the question whether early activation of the calf muscles 
during stance is a direct sign of spasticity in these muscles, or whether it is indirectly 
related to spasticity and represents an adaptive strategy to control the ankle when 
the foot makes initial contact in a plantarflexed position.  
In the paretic leg of patients, the mean total duration of TA activity during 
the SS phase was shorter than it was in controls. Since TA activity during the SS 
phase may be involved in the control of postural balance during walking 
(Louwerens et. al, 1995), this specific finding may be reflective of impaired balance 
control in hemiparetic walkers. A second abnormality in the paretic TA activity of 
patients was the longer total duration of activity that was found during the SW 
phase.  This may be due to the inability to rapidly activate and deactivate this 
muscle during this phase of the gait cycle. In order to compensate for decreased 
force output of this muscle, patients may prefer a pattern of continuous activation 
in order to overcome problems in the selective recruitment and de-cruitment of this 
muscle. As an alternative, the larger durations of paretic TA activity during swing 
could be interpreted as an effort to overcome mechanically related resistance of the 
ankle plantarflexors during this phase of the gait cycle (Dietz et. al, 1981).  
The group differences that were found with regard to the temporal structure 
of TA and GM activity did not result in statistically significant differences in the 
duration of TA-GM coactivity between controls and patients or between the paretic 
and the nonparetic leg. Previously, Lamontagne and coworkers (Lamontagne et. al, 
2000) found abnormally high levels of TA-GM coactivity during the DS1 and DS2 
phase of the nonparetic leg, whereas decreased levels of coactivity for this muscle 
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pair were found during the SS phase of the paretic leg. A potential explanation for 
these seemingly conflicting findings may be that the present study was performed 
on a treadmill, whereas the Lamontagne et al study (2000) was conducted on a 
walkway. In a study comparing treadmill walking and overground walking in 
hemiparetic walkers, Hesse et. al (1999) found reductions in the levels of TA-GM 
coactivation, which may partly explain the absence in the present study of any 
significant group differences with respect to this measure.  
 
Limitations 
In this paper, we described the temporal structure of gait related muscle activity in 
hemiparetic stroke patients and healthy controls. However, due to the detection 
method employed and the description in terms of subphases of the gait cycle, a 
comparison with previous studies on temporal patterning in healthy and 
hemiparetic gait is not straightforward. Whereas the majority of detection strategies 
that have been described in the literature involve detection of discrete bursts of 
activity by means of threshold methods, the presently employed clustering method 
is based on identification of periods of muscle in-activity, allowing the detection of 
episodes of muscle activation with a very low amplitude. As a result, this method 
will likely lead to a more liberal detection of activity which may explain why the 
detected patterns in healthy controls are somewhat different from what has been 
reported in the literature. In particular, the relatively long total durations of BF 
(45% of total SS phase duration), RF (53%), and TA (48%) activity during the SS 
phase do not appear to be in agreement with what has been reported by e.g., Perry 
(1992) who found cessation of activity at 5 %, 15%, and 10% of gait cycle time for 
BF, RF, and TA, respectively. The relatively longer duration of SS activity for BF, 
RF en TA that were found in the present study for healthy subjects may represent 
subtle neuromuscular adaptations to the very low gait speeds employed that, due to 
their very low amplitude, may not have been captured by threshold based detection 
methods. Note that the presently adopted detection method makes no a priori 
assumptions about the level of muscle activity that should be considered as 
'meaningful', which may result in a more liberal detection of activity compared to 
threshold based detection methods. Depending on its application, this may or may 
not be  a desirable feature. 
Another point that needs to be mentioned is that the gait speeds employed 
by patients (mean=0.35 ms-1) and controls (mean=0.42 ms-1) were not identical. 
However, it is not very likely that this relatively small difference in gait speed 
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between the two groups has confounded our results. Other studies have shown that 
substantial differences (> 0.56 ms-1) in gait speed are required to induce differences 
in the timing of muscle activity (e.g. Hof et. al, 2002; den Otter et al., 2004). 
A final point that needs to be mentioned is that the present study addressed 
the temporal structure of muscle acticvity during treadmill walking. This is 
especially true since the temporal layout of gait subphases may be different between 
overground walking and treadmill walking (Hesse et. al, 1999). Although this 
difference should be taken into account, electromyographic studies comparing 
treadmill and overground walking have failed to show clear differences in terms of 
muscular timing (Murray et. al, 1985; Arsenault et. al, 1986). 
 
Conclusion 
To summarize, the present data show that it is possible to detect some common 
timing abnormalities in the lower extremity muscle activity of post stroke 
hemiparetic walkers, despite large variations between individual patients. Although 
some of these abnormalities may be related to primary impairments in the temporal 
control of muscle activity (e.g. the premature activity of GM) others are likely to 
reflect compensatory activity that is used to optimize the gait pattern in the 
presence of muscular weakness and reduced coordinative control (e.g. the increased 
durations of BF-RF coactivity during the SS phase). Within patient comparisons 
between the paretic and the nonparetic leg did not show systematic differences, 
with the exception of the shorter mean duration of paretic TA activity and the 
tendency towards a longer paretic GM activity during the DS1 phase of the paretic 
leg. Future research will need to study the patterning of muscle activity in more 
complex gait tasks to reveal the functional implications of aberrant muscular timing 
patterns in hemiparetic gait.  
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Abstract 
The objective of this study was to establish whether functional recovery of gait in 
patients with post-stroke hemiparesis coincides with changes in the temporal 
patterning of lower extremity muscle activity and coactivity during treadmill walking. 
Electromyographic (EMG) data from both legs, maximum walking speed, the amount 
of swing phase asymmetry and clinical measures were obtained from a group of post-
acute patients with hemiparesis, as early as possible after admission in a rehabilitation 
centre (mean time post stroke 35 days) and 1, 3, 6, and 10 weeks later, while all 
patients participated in a regular rehabilitation program. EMG data from the first 
assessment were compared to those obtained from a group of healthy controls to 
identify abnormalities in the temporal patterning of muscle activity. Within subject 
comparisons of patient data were made over time to investigate whether functional 
gait recovery was accompanied by changes in the temporal patterns muscle (co-) 
activity. EMG patterns during the first assessment showed a number of abnormalities 
on the paretic side, namely abnormally long durations of activity in biceps femoris 
(BF) during the single support (SS) phase and in gastrocnemius medialis (GM) during 
the first double support phase (DS1). Furthermore, in both legs a prolongation of the 
activity was seen in the rectus femoris (RF) during the SS phase. In addition, the 
duration of BF-RF coactivation was longer on the paretic side than it was in controls. 
Over time, the level of ambulatory independence, body mobility, and maximum 
walking speed increased significantly, indicating that substantial improvements in gait 
ability occurred. Despite these improvements, durations of muscle (co-) activity and 
the level of swing phase asymmetry did not change during rehabilitation. More 
specifically, timing abnormalities in muscle (co-)activity that were found during the 
first assessment did not change significantly, indicating that these aberrations were not 
an impediment for functional gait improvements. 
The main conclusion is that normalization of the temporal patterning of gait related 
muscle activity in the lower extremities is not a  prerequisite for functional recovery of 
gait in patients with post stroke hemiparesis. Apparently, physiological processes other 
than improved temporal muscular coordination must be important determinants of  
the restoration of ambulatory capacity after stroke. 
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Introduction 
During human walking, the muscle activity of the lower extremities needs to be 
well coordinated to provide support, dynamic balance, propulsion, and foot 
clearance. These gait tasks are temporally coupled to particular phases of the gait 
cycle and, as a result, the timing of lower extremity muscle activity during healthy 
human walking follows characteristic patterns. After unilateral supratentorial stroke, 
the neuromuscular control of walking may undergo radical changes which  include 
muscle weakness on the body side contralateral to the lesion, and often dramatic 
changes in the temporal organisation of muscle activity. Several electromyographic 
(EMG) studies have been conducted to obtain information on the patterning of 
lower extremity muscle activity in hemiparetic gait. Despite large interindividual 
differences among patients, some common timing abnormalities in muscle activity 
patterns have been reported. Among these deviations are the premature activity of 
the paretic calf muscles during the terminal swing  and initial stance phase (Perry et 
al. 1978; Lamontagne et al. 2001; Burridge et al. 2001), the prolonged stance activity 
of hamstrings and quadriceps muscles on both the paretic (Hirschberg and 
Nathanson, 1952; Peat et al., 1976; Knutson and Richards, 1979; Shiavi et al., 1987) 
and the nonparetic side (Wortis et al., 1951; Shiavi et al., 1987), and the absence of 
activity in the paretic ankle dorsiflexors during the late swing and early stance phase 
(Burridge et al., 2001; Perry, 1993). These abnormalities in the patterning of lower 
extremity muscle activity determine, to a substantial degree, the quality and the 
functional limitations of the hemiparetic gait pattern. Therefore, the development 
of effective treatment strategies for gait impairments following stroke requires 
insight into these neuromuscular timing abnormalities, how they change over the 
course of gait recovery, and how they can be modified. 
Although alterations in the timing control of gait related muscle activity may 
impair gait ability, and therefore forms a potential target for gait rehabilitation, 
there is as yet little evidence available to show that gait recovery is indeed associated 
with changes in muscle activation patterns during walking. To provide an empirical 
basis for the development of gait training strategies, it is necessary to understand 
which aspects of muscle control remain stable over the course of gait recovery, and 
what aspects are susceptible to change. For this purpose, it does not suffice to 
focus solely on the identification of abnormalities in muscle control using cross-
sectional  measurements. It is also necessary to explore the changes on such 
aberrations in a longitudinal study, where repeated measurements are made in the 
same patients over the course of gait recovery. To our knowledge, only one EMG 
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study has been conducted that has addressed changes in muscle activity over the 
course of recovery in patients with stroke. Shiavi and co-workers (1987) classified 
12 patients according to the type of muscle synergy apparent in the EMG patterns 
(cf. Knutson and Richards, 1979), and found that synergy patterns changed over a 
period of approximately 1 year. However, identification of synergy patterns and 
changes over time was made on the basis of visual inspection of the ensemble 
averaged EMG patterns. Furthermore, because walking speed affects the amplitude 
of muscle activity, and also the timing of activity of specific muscle groups (Hof et 
al., 2002; den Otter et al., 2004), it is not clear whether differences in gait speed 
between both assessments may have affected the results. A clearer view of recovery 
related changes in muscle activity after stroke may arise when the identification of 
abnormality and change is based on objective statistical criteria, and when the 
influences of walking speed are ruled out. 
Hence, the primary goal of the present study was to study changes in the 
temporal structure of lower extremity muscle activity during the recovery of gait 
ability in hemiparetic stroke patients, using objective statistical criteria and 
controlling for walking speed. In addition to the analysis of the temporal patterning 
of individual muscles, this study  focuses on the assessment of patterns of 
coactivity between antagonistic muscle pairs. Investigation of coactivation may 
provide valuable information on neuromuscular coordination in hemiparetic gait, 
because altered coactivation levels may be  indicative of pathological muscle  
synergies (Knutsson and Richards, 1979; Shiavi et al, 1987),  or compensatory 
coordinative strategies which may be different for the paretic and the nonparetic 
side ( Lamontagne et al., 2000). Because gait recovery may be associated with the 
development of more selective muscle control or with the emergence of 
compensatory coactivation strategies, a secondary goal was to study the evolution 





A convenience sample of 14 rehabilitation inpatients with stroke, who were 
consecutively selected based on inclusion and exclusion criteria and their 
willingness to cooperate, participated in this study (8 females, 6 males). The mean 
age in this group was 54.7 yrs (sd=9.9;  range 39 – 71 yrs). The mean time since 
stroke onset at the time of inclusion was 35 days (sd= 7.69), and ranged from 23 to 
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52 days. All patients suffered an ischemic stroke; five of the patients had suffered a 
infarction in their left hemisphere , whereas 9 patients had suffered an infarction in 
their right hemisphere; To be included, patients were required to (1)-. have suffered 
a first-ever supratentorial stroke (due to either haemorrhage or infarction), (2)-. 
have been admitted to the rehabilitation centre with an aim of restoring 
independent gait, and (3)-. have a Functional Ambulation Categories score of at 
least 2 (Patient needs continuous or intermittent support of one person to help 
with balance or coordination) or at the most 4 (Patient can walk independently on 
level ground, but requires help on stairs, slopes or uneven surfaces). Exclusion 
criteria were: (1) severe forms of aphasia or other cognitive problems that could 
hinder communication or cooperation (2). severe affective or psychiatric 
impairments; (3) visuospatial neglect, as indicated by abnormal scores on two or 
more of the following tests: the line bisection test (Schenkenberg et al. 1980), the 
letter cancellation task (Diller et al. 1974), the Bells test (Gauthier et al., 1989), and 
the clock drawing test (Wilson et al., 1987); and (4) a history of orthopaedic  or 
neurological  (other than stroke) disorders. 
All patients underwent a clinical examination by an experienced physician, 
providing data for lower limb motor selectivity, sensation modalities, and trunk 
control (cf. de Haart et al., 2004). Lower limb motor selectivity was scored 
according to the six motor stages as defined by Brunnstrom (1966). At the time of 
inclusion, the Brunnstrom scores in the patient group ranged from 3 (increased 
muscle tone with active movements mainly in rigid extension synergy) to 5 (muscle 
tone normalization with some degree of selective muscle control). The lower limb 
sensation modalities were assessed by testing position sense at the affected ankle 
joint in 3 different positions of dorsi- and plantarflexor by mirroring with the 
nonparetic ankle. In this test, the patient was supine, and the paretic leg was slightly 
lifted by the physician. A score was recorded as 'impaired' if the patient had a 
mirroring error greater than 1. In the group of 14 patients, 6 patients had impaired 
sensation modalities at the time of inclusion. The patient's trunk control score was 
determined by the sitting balance item of the Trunk Control Test (Wade, 1992). 
Control was rated as 'impaired' if the patient was unable to stay up sitting on the 
edge of a bed, feet off the ground, for 30 seconds. At the time of inclusion, 11 of 
the 14 patients that participated in this study had impaired trunk control (see table 1 
for individual patient characteristics).  
All patients received between 5 and 7 sessions of physiotherapy per week., 
with an approximated duration  of  30 minutes per session. In addition, all patients 
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received three 30 minute sessions of occupational therapy per week. These 
individual therapies were augmented by small-group therapy for improving gross 
motor skills. The group therapy occupied at least 60 minutes of each working day. 
This motor rehabilitation was embedded in a more extensive, individualized 
neurodevelopmental oriented rehabilitation program, in which much  emphasis was 
put on optimal use of the paretic body side. 
Gait data of the patient group were compared with data obtained from 14 
healthy controls. The control group consisted of 8 females and 6 males, with a 
mean age of 42.8 years (sd=12.3). All control subjects did not suffer from any 
neurological or orthopaedic disorder. All participants gave their written informed 




Patients were assessed on 5 occasions during their rehabilitation process. The first 
assessment took place as early as possible after admission. Subsequent assessments 
took place 1, 3, 6, and 10 weeks after the first assessment. At each assessment, 
scores were obtained for the Rivermead Mobility Index (RMI) (Collen et al. 1991) 
and for the level of ambulatory independence using the Functional Ambulation 
Categories (FAC) (Holden et al., 1984). In addition, the maximum walking speed 
on a treadmill that could be maintained for 40 seconds was registered. Finally, at 
each assessment, spatiotemporal gait parameters and electromyographic data were 
obtained using instrumented gait analysis. All clinical tests were performed by the 
primary investigators (RdO) or the patient's therapist, but the evaluator was the 
same throughout the assessment, for each patient. All gait assessments were 
performed by the primary investigator, assisted by one physiotherapist. 
During gait analysis, subjects walked on a motor-driven treadmill (walking 
surface 200 x 70 cm), for 40 seconds. During the first gait assessment, patients were 
encouraged to walk at the maximum treadmill speed they could maintain for a 
period of 40 seconds. During subsequent gait analyses (assessments 2 to 5), patients 
were  tested at the same speed in order to allow valid comparisons. Subsequently, 
the treadmill speed was increased until the maximum speed was reached that could 
be maintained for  40 seconds. This speed served as an indication of the level of  
ambulatory skill at the time of the assessment. In the control group, half of the 
subjects walked at a treadmill speed of 0.28 ms-1, and the other half walked at 0.56 
ms-1, so that the mean gait speed in the control group (0.42 ms-1) matches the mean 
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gait speed in the patient group (0.37 ms-1) rather well. It is quite unlikely that this 
minor difference in the mean gait speed between the two groups is a main 
confounder in this study, especially in the light of other literature showing that 
substantial differences (> 0.56 ms-1) in gait speed are required to induce differences 
in timing characteristics in EMG (e.g. Hof et. al, 2002; den Otter et al., 2004). 
When, at a particular assessment, a patient was still unable to walk independently 
on the treadmill, this subject was allowed to receive occasional manual assistance by 
one physiotherapist to maintain balance. Also, in case of sudden disturbances of 
postural balance patients were allowed to grasp a rail in front of them. This was 
done in order to enhance safety and to reduce the potential effects of fear which 
may result in enhanced co-activation levels, (Maki, 1991; Adkin et al., 2000). 
However, sustained contact with the rail was not tolerated. All patients wore a 
harness to enhance safety, but no body weight support was supplied. 
 
Data recording 
EMG recordings were made using disposable surface electrodes (MediTrace ECG  
1801 Pellet, (Ag/ AgCl)) with a 10-12 mm diameter and an interelectrode distance 
of 24 mm (Graphics Controls, Buffalo NY, USA). Four lower extremity muscles 
were recorded from both legs: biceps femoris (BF), rectus femoris (RF), 
gastrocnemius medialis (MG), and tibialis anterior (TA). Electrode placement was 
based on SENIAM recommendations (Freriks et al. 1999), according to which the 
sensors were placed relative to specified anatomical landmarks. These specifications 
enabled us to place the electrodes on identical skin locations throughout the series 
of assessments. The EMG signals were checked for crosstalk by performing 
standard muscle tests in a seated position.  
The incoming electromyographic signals were fed to a K-lab SPA 20/8 pre-
amplifier with a common mode rejection ratio > 95 db and a noise level of < 1 µV 
rms. Subsequently, signals were high pass filtered using a third order Butterworth 
filter (- 3db point at 20 Hz), and low pass filtered  by means of a second order 
Butterworth filter (- 3db point at 500 Hz).  The EMG signals were digitised at 2400 
Hz and stored on a computer hard disk for offline processing.  Light reflective 
markers were attached to the heel of each foot, and 3-D displacements were 
recorded by 5 infrared cameras (PRIMAS). These signals were then  digitized at 
100 Hz.  
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Data analysis 
In order to determine the relative duration of muscle activity for different phases of 
the gait cycle, EMG signals were dichotomized into periods of activity and in-
activity.  During offline processing, EMG data were first high pass filtered at 10 Hz 
(to attenuate movement artifacts), and full wave rectified and then low pass filtered 
at 25 Hz. Next, all individual datapoints in the EMG linear envelopes were 
partitioned into subsets of data  using a k-means clustering algorithm. The goal of 
k-means clustering is to find similarities between data points and to group these 
data points according to their similarities (Mac Queen, 1967). By definition, periods 
of muscle inactivity in the rectified and low pass filtered signal form a relatively 
homogeneous subset of data, so that signals can be dichotomized by assuming that 
data belonging to the cluster with the lowest mean value correspond with periods 
of muscle inactivity, and data belonging to other clusters to periods of muscle 
activity. For the data analyzed in this study, the number of clusters was set, a priori, 
to 5. The method described here allows for detection of short, transient bursts of 
muscle activity, and does not require the setting of a priori thresholds.  
In order to assess the reliability of the results obtained from this detection 
method, EMG data (BF, RF, TA, and GM of the right leg) were collected during 
two separate trials in a group of 9 healthy young adults (five females, four males; 
mean (S.D.) age 22.4 (2.35) years; height 1.81 (6.7) m; body mass 66.6 (7.84) kg) 
during 40 seconds of treadmill walking at a speed of 0.83ms-1. For each individual 
subject the difference in the duration of detected activity for DS1, SS, DS2, and SW 
were calculated between both trials, and subsequently the median difference over 
the group was calculated. In addition, Spearman’s correlation coefficient was 
calculated for the group. The results are shown in table 2. The median percentage 
difference between the two trials ranged from 1.2 % (BF during DS1) to 9.2% (BF 
during DS2), indicating that the duration of activity was detected with good 
reproducibility between trials. For the group, the correlation coefficients were 
generally good to very good, ranging from 0.65 (BF during SS) to 1.00 (BF during 
DS1). 
Speed distribution analysis of the heel marker data (Peham et al., 1999) was 
used to determine heel strike and toe off for both legs. Based on this information, 
the swing phase, the first and second double support phase, and the single support 
phase, were determined for each leg (for an explanation of these gait phases, and an 
example of the EMG data with the phases of muscle activity detected by the 
clustering algorithm, see figure 1). The number of strides that were used for 
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analysis differed slightly between subjects and between assessments (e.g. due to 
interindividual differences in gait speed). The minimum number of strides that was 
analyzed for one assessment was15, and the maximum difference between 




















Figure 1. An example of the gait phases (stance and swing phases, top part of the figure) and the 
corresponding DS1, SS, DS1, and SW phases of the ipsilateral leg, superimposed on the raw 
EMG signal. Periods in the EMG signals that were classified as ‘activity’ by the clustering 
algorithm are indicated by gray shaded areas. 
 
temporal asymmetry between the paretic and the nonparetic leg in patients, swing 
phase asymmetry was calculated as follows:  
 
duration of swing phase paretic leg – duration of swing phase nonparetic leg 
0.5 * (duration of swing phase nonparetic leg + duration of swing phase paretic leg) 
 
For each subject, and for all of the gait phases, the percentage of time during which 
a muscle was considered active was calculated for each step. Subsequently, these 
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percentages were averaged over all gait cycles, for each subject. Based on the 
dichotomised signals, the relative amount of time that two muscles were 
simultaneously active was calculated to obtain an estimate of the duration of 
coactivation between these muscles. This way, the relative duration of coactivation 
was calculated between BF and RF, and between TA and GM, for both legs. All 
offline analyses of EMG signals and marker data were done using custom software 
made in Matlab. 
 
Statistical analysis 
In order to identify abnormalities in the EMG patterns of the patients, the 
durations of muscle activity and coactivity obtained on the first gait assessment 
were compared to data obtained from the control group. A Wilcoxon rank-sum 
ranks test was performed to test for differences between patients and controls.  
Within the patient group, time related changes in RMI scores, FAC scores, 
maximum walking speed,  swing phase asymmetry and relative durations of muscle 
activity and coactivity (within subjects factor TIME) were tested non-parametrically 
with the Friedman test. In the case of a significant overall TIME effect, post hoc 
analysis was performed to test for differences between particular assessments, using 
a Wilcoxon matched pairs – signed ranks test. In this case, Bonferoni corrections 




All of the 14 patients were able to participate in at least 4 of the 5 assessments. 
Four patients were unable to participate in the 5th and final assessment because they 
were unwilling to return to the clinic after discharge. In addition, for 1 subject, gait 
data of the final assessment were lost due to computer failure. In order to utilize as 
much of the collected data as possible, and because data from the 5th assessment 
may provide information on possible changes in EMG patterns that occur later 
during recovery (> 6weeks), the data of the 4th and the 5th assessment were 
averaged when data were available for all 5 assessments. In this way, clinical, 
spatiotemporal, and electromyographic data could be compared between 4 
moments in time, for all 14 patients. Data from the 5th assessment were included 
because they may provide information on possible changes in EMG patterns later 
during recovery (> 6weeks). 
The mean time post stroke at the first assessment was 35 days (sd=7.7), 44 
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days (sd=7.0) at the second assessment, 60 days (sd=8.01) at the third assessment, 



















Figure 2. Means and SDs  of the patient group for the Rivermead Mobility Index (top left panel), 
the Functional Ambulation Categories (top right panel), asymmetry of swing-phase duration 
(bottom left panel), and maximum walking speed (bottom right panel) at  all 4  assessments. (* = 
statistically significant at p < .05) 
 
Clinical measures of  mobility and ambulatory independence 
The mean and standard deviations of the RMI scores at all 4 assessments are 
depicted in the top left panel of figure 2.  The RMI scores showed that the general 
mobility of patients increased significantly over time (Chi2 (df=3)= 11.85; p<.05). 
Post hoc comparisons between the different assessments revealed that significant 
changes in RMI occurred between assessments 1 and 3 (Z=-2.30; p<.05), between 
assessments 1 and 4 (Z=-2.23; p<.05), and between assessments 2 and 4 (Z=-1.98; 
p<.05).  
The mean FAC scores (+sd’s) are presented in the top right panel of  figure 
2, top right panel). The observed increases in ambulatory independence resulted in 
a statistically significant time effect (Chi2 (df=3)=11.97; p<.05). Post hoc analysis 
showed that FAC scores were significantly different between assessments 1 and 3 
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(Z=-2.00; p<.05), and that the scores at assessments 1 (mean=2.64; sd=0.93), 2 
(mean=2.93; sd=0.92) and 3 (mean=3.29; sd=0.91) were all significantly different 
from the FAC scores at  assessment 4 (mean=3.64, sd=1.01; p<.05).  
 
Spatiotemporal measures 
The mean maximum walking speeds on the treadmill at all 4 assessments are 
depicted in the bottom right panel of figure 2, and show a clear increase over time 
(Chi2=41.19; p<.001). The mean walking speed for the patient group at the first 
assessment was 0.37 ms-1 (sd=.31), and ranged from 0.11 to 1.06 ms-1. At the last 
assessment, the mean maximum walking speed was 0.87 ms-1 (sd=0.41), with 
individual speeds ranging from .28 to 1.44 ms-1.  
At all 4 assessments, positive but relatively low degrees of swing-phase 
asymmetry were found, indicating that the mean duration  was longer on the paretic 
side than  on the nonparetic side. Statistical testing failed to show a time effect, 
indicating that the asymmetry in swing phase duration was stable over the course of 
time (Chi2(df=3)=1.06; n.s.).  
 
Temporal characteristics of muscle activity at  the first assessment  
Figure 3 shows the mean percentage of the duration of activity at the first 
assessment, for each muscle, and for each subphase of the gait cycle.  In the BF of 
the paretic leg, an increased  duration of muscle activity was found during the SS 
phase (73 %, sd=28%), when compared to controls (48%, sd=18%; Z=-2.67; 
p<.05). 
The mean relative duration of BF activity during the SS phase in the nonparetic leg 
was also increased compared to controls (62.%, sd=23%), but this result did not 
reach significance (Z=-1.84; P=.069). As was the case for BF, the percentage of RF 
activity during the SS phase was higher in patients than in controls (58.%; 
sd=33%), in the paretic (81%, sd=29%; Z=-2.76,p<.05) as well as in the nonparetic 
leg (72.%, sd=31%. Z=-2.10, p<.05).  
There were no statistically significant differences in TA activity between controls 
and patients for any of the four gait phases, neither in the paretic nor in the 
nonparetic leg. With respect to the paretic GM, the mean  duration of activity 
during the DS1 phase was 58% (sd=22%), which was significantly longer than in 
controls (40%; sd=23%; Z=-2.068, p<.05)), indicating that in the paretic leg, GM 
activity started earlier. A similar difference could not be observed in the nonparetic  
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Figure 3. Boxplots (containing the median value, the minimum and maximum value, and values 
for the first and third quartile) of the  percentage of the gait cycle phase  during  which a muscle 
was active at  the first assessment in patients and in  control subjects; (DS1 = first double support 
phase, SS = single support phase, DS2 = second double support phase,  SW = swing phase; BF 
= Biceps femoris,  RF = Rectus femoris,  TA = Tibialis anterior,  GM = Gastrocnemius 













Figure 4. Boxplots (containing the median value, the minimum and maximum value, and values 
for the first and third quartile) of the percentage of the gait cycle phase  during which two 
muscles were simultaneously active at  the first assessment in patients and in  control subjects 
(DS1 =first double support phase; SS= single support phase; DS2= second double support 
phase; SW=swing phase);  (BF-RF= Biceps femoris – Rectus femoris; TA-GM= Tibialis anterior 
– Gastrocnemius medialis). The mean walking speed in the control group was 0.42 ms-1 
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leg where GM  activity showed an average duration of 27% (sd=26%) of the DS1 
phase. 
 
Relative timing of muscle activity: coactivation patterns 
The relative durations of muscle coactivity during hemiparetic walking at the first 
assessment  are depicted in figure 4. The amount of BF-RF coactivity during the SS 
phase was substantially higher in the paretic leg of the patients (63.%, sd=34%) 
than in the control group (31%, sd=21%) (Z=-2.34, p<.05). In the  patients, as well 
as in the control subjects, the overall levels of TA-GM coactivity were generally low 
in both legs for all subphases of the gait cycle. There were no statistically significant  


















Figure 5. Boxplots (containing the median value, the minimum and maximum value, and values 
for the first and third quartile) of the percentage of the gait cycle phase  during  which a muscle 
was active at  all 4  gait assessments (1-4) , for 4 phases of the gait cycle (DS1 =first double 
support phase; SS= single support phase; DS2= second double support phase; SW=swing phase; 
BF = Biceps femoris,  RF = Rectus femoris,  TA = Tibialis anterior,  GM = Gastrocnemius 
medialis). 
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Patterns of muscle (co)activity  during the course of gait recovery 
Figure 5 shows the means and sd’s  of the relative durations of the activity of the 
BF, RF, TA and GM muscles in both the paretic and nonparetic leg at each of the 4 
assessments, separately. For both legs, no statistically significant changes in the 
relative duration of activity were found for any of the 4 muscles, in any of the 4 gait 
phases that were studied. 
The mean durations of agonist-antagonist coactivation in each of the 4 gait 
phases at all 4 assessments are depicted in figure 6. In the paretic as well as in the 
nonparetic leg, the durations of BF-RF and TA-GM coactivation did not change 
over time for any of the 4 gait phases. These results suggest that no systematic 
changes occurred in the duration of (co)activation between BF and RF, or between 















Figure 6. Boxplots (containing the median value, the minimum and maximum value, and values 
for the first and third quartile) of the percentage of the gait cycle phase  during which two 
muscles were simultaneously active at   all 4  gait assessments (1-4), for 4 phases of the gait cycle 
(DS1 =first double support phase; SS= single support phase; DS2= second double support 




Asymmetry in swing phase duration 
Over the course of time, patients did not show improvements in the temporal 
asymmetry of the stepping pattern. Although the restoration of symmetry is one of 
the key objectives in the gait re-education of hemiparetic patients (e.g. Davies, 
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1985), as of yet, empirical data have not been able to provide unequivocal evidence 
for the assumption that promotion of symmetry actually leads to increased gait 
ability. Although some association between temporal symmetry and overall gait 
ability may exist (Brandstater et al. 1983), proof of a causal relationship between 
these two variables has not been established yet. The present results indicate that 
functional gait improvements may occur independent of temporal symmetrization, 
confirming results from studies by Hesse et al. (1993) .  
The apparent independence of gait recovery and symmetrization can be 
understood by regarding symmetry as an emergent property of gait patterns 
resulting from biomechanical and neurophysiological constraints, and locomotor 
task demands. Following unilateral paresis, the temporal layout of the gait cycle 
may be optimised differently to accommodate the altered biomechanical and 
neurophysiological characteristics of the patient, which may result in different (i.e. 
asymmetrical) motor solutions (cf. Latash and Anson, 1996).  
 
Temporal patterning of muscle (co)activity in the upper leg 
Prolongation of hamstrings and quadriceps activity of the paretic leg represents a 
relatively common aberration in the temporal patterning of muscle activity in 
hemiparetic gait, in the paretic leg  (Hirschberg and Nathanson, 1952; Peat et al., 
1976; Knutson and Richards, 1979; Shiavi et al., 1987) as well as in the non-paretic 
leg. (Wortis et al., 1951; Shiavi et al., 1987).  It has been argued that the massive 
coactivation of muscles during the stance phase of the paretic leg may be part of a 
primitive extensor synergy associated with the defective central control of lower 
extremity muscle activity following stroke (Brunnstrom, 1970; Perry, 1993).  
However, similar patterns of synergistic activity in the upper leg have been found in 
the gait of toddlers (Okamoto et al., 2003), patients with diabetic neuropathy 
(Kwon et al, 2003), and in patients with spinal cord injury (Leroux et al, 1999), 
suggesting that this abnormality  represents a compensatory neuromuscular strategy 
rather than a primary disorder in the temporal regulation of muscle activity. During 
the stance phase, the BF serves primarily as a hip extensor, whereas the main 
function of RF during this phase is to extend the knee (Winter, 1987). Concomitant 
action of these muscles during the SS phase may increase the stiffness of the knee 
and hip joint, when the leg rotates over the foot while supporting full body weight. 
The compensatory coactivation of quadriceps and hamstrings muscles may be 
related primarily to weakness of the calf muscles, since the ankle plantarflexors 
have been found to supply the largest contribution to support during the SS phase 
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of normal gait (Kepple et al., 1997). Alternatively, increased BF- RF coactivity may 
be used to hold the head-arm-trunk segment against gravitational forces in case of 
forward postural lean (Olney and Richards, 1996). 
Despite clear improvements in gait ability, the abnormal patterns of BF and 
RF (co-) activity that were found during the first assessment did not change towards 
normal. Interestingly, recent findings by Grasso et al. (2004) in spinal cord injured 
persons, show that restoration of the ability to step was associated with the 
development of prolonged BF and RF activity during the stance phase. Together 
with the present data, these results suggest that prolonged quadriceps and hamstring 
(co-) activation during stance does not form an impediment to gait recovery, but 
instead may reflect a rather immediate compensatory mechanism that is part of the 
recovery related reorganization of gait related muscle activity in neurologically 
impaired persons. 
 
Temporal patterning of muscle (co)activity in the lower leg 
The premature activity of the paretic GM that was found during the DS1 phase 
represents another characteristic timing abnormality in hemiparetic gait that has 
been reported by several other authors (Perry et al, 1978; Knutson and Richards, 
1979; Hesse et al., 1996). Although the premature activity of calf muscles is 
generally associated with the presence of overactive stretch reflexes during gait, the 
functional implications of this hypersensitivity are still a point of debate. Several 
authors have questioned the contribution of spasticity to gait impairments (Berger 
et al., 1984; Vattanasilp et al., 2000; Ada et al., 1998; Dietz, 2003), challenging the 
clinical routine of reflex inhibition in mobility training after stroke. In line with this, 
the present data do not provide evidence that reductions in premature calf muscle 
activity are a prerequisite for functional gait recovery in post stroke hemiparesis. 
Despite substantial improvements in gait ability, the mean duration of paretic GM 
activity during DS1 did not change significantly over time. 
 
General discussion 
Two important questions arising from the present study is how functional 
improvements are possible within abnormal neuromuscular timing patterns, and 
why these patterns remain stable over the course of recovery. The finding that gait 
ability tended towards normal by using abnormal muscular timing patterns are in 
line with recent findings by Grasso et al (2004) in clinically complete spinal cord 
injured persons. They found that the stepping patterns learned during step training 
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were kinematic equivalents of those found in healthy subjects, despite clear 
differences in the patterning of leg muscle activity. Some aspects of the abnormal 
timing patterns found in our study (e.g. the prolonged activity of quadriceps and 
hamstring muscles) may be the result of a process in which neuromuscular control 
is optimized differently in order to obtain the best possible locomotor output in the 
light of impaired locomotor functioning. The present data further suggest that 
these optimizations may include increased coactivation levels between agonist-
antagonist pairs, confirming earlier work by Lamontagne et al (2000) showing that 
coactivation regulation of ankle plantarflexors and dorsiflexors may be used as an 
adaptive mechanism in the lower leg. The present results provide a further clue that 
synergistic activity of muscle pairs may promote rather than impede gait 
performance, despite the clinical emphasis often put on the promotion of selective 
muscle action (Davies, 1985). 
How can we account for the stability of muscle activity patterns over the 
course of functional gait recovery? Previous work on the muscular control of 
walking indicates that, within gross muscular timing patterns, local variations in 
force output (i.e. EMG amplitude) allow for sufficient flexibility to accommodate 
changes in e.g. speed or leg loading. For instance, it has been shown that for many 
muscles in the leg, substantial changes in gait speed can be realized by imposing 
phase specific adjustments in the amplitude of muscle output upon relatively 
invariant timing patterns (Hof et al., 2002; den Otter et al., 2004). Similarly, data are 
available that suggest that the amount of leg loading during walking can be 
decreased to a substantial degree (appr. 50%) without affecting the phasing of 
muscle activity despite clear changes in its amplitude (Ivanenko et al., 2002). The 
reason for this apparent robustness of neuromuscular timing characteristics in the 
context of varying task demands may be that timing and amplitude of EMG bursts 
during locomotion are possibly controlled differently. Whereas timing is mostly 
determined by central pattern generators, the amplitude depends largely on reflex 
loops (van de Crommert et al., 1998; Duysens et al., 2000; Dietz and Duysens, 
2000).  
 
Limitations of the study  
A number of possible limitations must be taken into account with regard to the 
present results. It must be noted that the present findings do not rule out that other 
changes in neuromuscular control of the lower limbs may have occurred during gait 
recovery. The recovery related changes in the walking speed of patients suggest that 
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increasingly higher levels of muscular force output became available during 
recovery. Indeed, inspection of the EMG profiles recorded at these different 
speeds show the modulation of amplitude normally associated with speed increases 
(Hof et al., 2002; den Otter et al., 2004). Therefore, it may be argued that the 
recovery related changes in lower extremity muscle activity are primarily related to 
the potential force output of muscles, and that such increases in strength may be 
expressed as changes in the amplitude of muscle activity within relatively stable 
timing schemes. However, multi-session comparisons of EMG amplitude are 
difficult because of possible variations in electrode placement, properties of the 
skin tissue, and environmental conditions.  
A clear limitation to this study is that the recording of EMG was restricted 
to 4 leg muscles that are primarily involved in gait  control in the sagittal plane. 
Therefore, it cannot be ruled out that changes in the timing of activity occurred in 
other (e.g. trunk) muscle groups. Also, because the  assessments period covered a 
period of approximately 60 days in the post-acute phase of stroke, it remains 
unclear whether changes in the patterning of muscle activity as measured by surface 
EMG might have occurred in the very early phases of recovery, or whether long 
term changes in patterning would have occurred. 
Because this study was conducted on a treadmill, generalisation to 
overground walking is not straightforward. Previous studies have shown that the 
maximum gait speed of hemiparetic subjects on the treadmill is significantly slower 
and more symmetric than on a walkway (Hesse et al., 1999) and that spatiotemporal 
aspects of gait can be reproduced with a greater stride to stride consistency (Harris-
Love, 2001). Despite these differences, there is as yet no clear evidence to show 
that treadmill walking affects the temporal structure of gait related muscle activity, 
suggesting that the present results may also be valid for overground walking. A 
similar point can be made with regard to the gait speeds used in this study. Because 
the maximum gait speed obtained during the first assessment was kept constant 
over all assessments, the question can be raised whether the present results allow 
generalization to other gait speeds. This is particularly true since the maximal 
obtainable gait speed of patients changed over the course of recovery. However, a 
longitudinal study on EMG patterns in which the maximal gait speed is used for 
each evaluation would be strongly confounded by gait speed. 
The control group was 12 years younger than the patients so that the 
interpretation of the detected abnormalities is not entirely straightforward. 
Although little is known about the effects of age on the temporal characteristics of 
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muscle activity patterns, the altered coordinative strategies associated with gait in 
the elderly (DeVita and Hortobagyi, 2000) may result in changed temporal control 
of gait related muscle activity. However, because the age difference between control 
subjects and patients in the present study is relatively small we believe that the 
detected abnormalities in the data of the first assessment do not represent an age 
effect. 
In this study, patients were allowed to hold on to a rail in case of sudden postural 
disturbances. It is well known that light touch of the fingertips with static objects (a 
so called ‘haptic cue’) simplifies postural control during quiet standing and walking 
(e.g. Jeka and Lackner, 1994). In principle, systematic changes in the frequency of 
handrail use may have biased our estimates of muscle (co-) activity over time. 
However, because the handrail was used very incidentally, and because the 
frequency of handrail use did not change systematically over time, we do not 
believe that this invalidates the present results. 
 
Conclusion 
The results of this study show that aberrant muscle timing patterns may persist 
even though gait improves considerably in the post-acute phase of stroke, 
suggesting that normalization of the temporal patterning of lower extremity muscle 
activity is not a prerequisite for functional gait recovery. Apparently, other 
neuromuscular factors than gross temporal organization, e.g. force control, may be 
more receptive to improvements induced by training or other interventions.  
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Abstract 
Recent studies have shown that gait recovery during the subacute phase of stroke 
does  not coincide with changes in the gross temporal patterning of leg muscle 
activity. Based on these findings, we hypothesized that the recovery of gait after 
stroke may be associated with reductions in the variability of muscle activation 
patterns  rather than the formation of new temporal patterns . Principal component 
analysis was used as a data filtering method to investigate the stride to stride 
variability in the amplitude scaling within common electromyographic patterns (i.e. 
the gain variability), and the random fluctuations in amplitude and unsystematic 
phase shifts in activity that occur from stride to stride (i.e. the residual variability), in 
Biceps Femoris (BF), Rectus Femoris (RF), Tibialis Anterior (TA) and 
Gastrocnemius Medialis (GM) of both legs in 14 ambulatory hemiparetic stroke 
patients and 15 controls. Patients were assessed early after admission to a 
rehabilitation center (on average 35 days post stroke) as well as 1, 3, and 6 weeks 
later.  At the time of the first gait assessment, the amount of stride to stride gain 
variability as well as the residual variability of BF was abnormally high  in both legs 
compared to the control group. Over time, clear improvements were made in general 
body mobility, ambulatory independence and maximum walking speed, indicating the 
recovery of gait ability in this group. Over the course of gait recovery, a significant 
decrease in gain variability was found in the paretic BF, indicating smaller variations 
in the gain of activity patterns for this muscle. For the other muscles that were 
studied, no recovery related changes were observed in either the gain or the residual 
variability of muscle activity patterns. These findings provide support for the idea 
that the global temporal characteristics of gait related patterns of muscle activity are 
established early after stroke and that recovery of gait may be associated with 
reductions in the variability of newly acquired patterns  The finding that reductions 
in gain variability were restricted to the paretic BF suggests that the increased 
consistency of neuromuscular pattern production may be specifically related to 
improved stance-phase stability while loading the paretic leg during walking. 
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Introduction 
Following hemiparetic stroke, the temporal patterning of lower extremity muscle 
activity during gait often undergoes substantial changes (e.g. Knutson & Richards. 
1979; Shiavi et al., 1987; den Otter et al., submitted). Abnormalities that have been 
identified  are either related to primary impairments in neuromuscular control (e.g. 
spasticity or paresis) or to adaptive strategies that are used to optimize locomotor 
output in the light of impaired muscular functioning. Recently, it has been shown 
that the recovery of gait ability in hemiparesis is not necessarily associated with 
changes in the gross temporal structure of muscle activity in the lower extremities 
during the postacute phase of stroke,  even if temporal features could be classified 
as ‘abnormal’ early after stroke (Buurke, 2005, ; den Otter et al. in press). In this 
study, we elaborate on this work and assess whether gait recovery in post stroke 
hemiparesis might be  associated with changes in the stride to stride variability of 
muscle activation patterns during gait. 
Stride to stride variability in gait parameters reflects an inherent property of 
gait patterns that reflects the abundance of the locomotor system (cf. Latash, 2000). 
However, abnormally high levels in the variability of gait parameters under 
conditions that require consistent pattern production (e.g. during unperturbed gait), 
may be indicative of an impaired ability to reliably produce movements, thus 
signifying impaired locomotor control (Mbourou et al, 2003; Moe-Nilsson and 
Helbostad, 2005; Owings and Grabiner, 2004a, 2004b). If impaired gait function is 
associated with abnormally high levels of pattern variability, it can be hypothesized 
that recovery of gait skills after central or peripheral damage to the locomotor 
system is accompanied by reductions in the variability of relevant gait parameters. 
The finding that recovery of gait function after supratentorial stroke does not 
necessarily coincide with substantial changes in the temporal layout of muscle 
activation patterns (Buurke, 2005 ; den Otter et al, in press) suggests that the gross 
features of novel patterns are established during the initial phases of recovery. 
Subsequent improvements in gait function may be accompanied by a reduction in 
the stride to stride variability of these newly acquired pattern rather than with 
changes in the temporal design of these patterns per se. The idea that pattern 
formation and pattern stabilization follow different time courses is supported by 
studies on the learning of novel bimanual coordination patterns, showing that gross 
estimates of the target pattern occur already early during learning, but that the 
reduction of pattern variability evolves more gradually (Lee et al., 1995; Wenderoth 
and Bock, 2001). Whether a similar scheme holds for the formation of 
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neuromuscular patterns in post stroke hemiparetic gait is not known. 
In this study, we investigated the variability of EMG patterns over the course 
of gait recovery in a group of hemiparetic stroke patients. We examined (1) whether 
patterns of gait related muscle activity early after stroke are characterized by  
abnormally high levels of stride to stride variability, and (2) whether stride to stride 
variability changes  during the  rehabilitation process. We hypothesized that the 
patterning of muscle activity in hemiparetic stroke patients initially shows 
abnormally high levels of stride to stride variability, but that this variability will 
decrease over the course of functional gait recovery. It must be emphasized that 
these expected changes are studied irrespective of whether they occur as a result of  




Fourteen  patients with stroke (8 females; mean age 54.7 (±9.9) yrs) and 15 healthy 
control subjects (8 female; mean age 43.1 ± 12.2 yrs)  with a mean time post stroke 
interval of 35 (±7.7) days (range 23 – 52 days) participated in this study. Five of the 
patients suffered from right-sided hemiparesis, and 9 patients from left-sided 
hemiparesis. 
For all patients, the inclusion criteria were: (1)-. a first-ever supratentorial 
stroke (due to hemorrhage or infarction), (2)-. admission to a rehabilitation center 
for restoring independency of gait, and (3)-. a Functional Ambulation Categories 
score of at least 2 (‘Patient needs continuous or intermittent support of one person to help with 
balance or coordination’) and at the most 4 (‘Patient can walk independently on level ground, 
but requires help on stairs, slopes or uneven surfaces’). Exclusion criteria were: medical 
conditions, other than stroke, that could affect walking performance; problems 
related to comprehension or cooperation; severe emotional or behavioral problems; 
severe forms of aphasia; severe visuospatial neglect, as indicated by abnormal scores 
on two or more of the following tests: the letter cancellation task (Diller et. al, 
1974), the Bells test (Gauthier et. al, 1989), and the clock drawing test (Wilson et. al, 
1987), the line bisection test (Schenkenberg et. al, 1980).  
For descriptive purposes, an experienced physician performed a clinical 
examination of all patients, in which scores were obtained for the level of trunk 
control, the degree of lower extremity motor selectivity (i.e. the Brunnstrom motor 
stage), and impairments in sensibility (cf. de Haart et al. 2004 for details). (See Table 
1 for a summary of patient characteristics). The study was approved by the regional 
Gait control after stroke 
Variability of EMG patterns after stroke 88 
medical-ethical committee Arnhem-Nijmegen. All participants gave their written 
informed consent. 
 
Setup and protocol  
Patients were assessed on 4 occasions during rehabilitation. The first assessment 
took place as early as possible after admission to the rehabilitation center, followed 
by assessments 1, 3, and 6 weeks later. At each assessment, scores were obtained 
for the Functional Ambulation Categories (Holden et al., 1984) and the Rivermead 
Mobility Index (Collen et al., 1991). In addition, the maximum walking speed on a 
treadmill that could be maintained for 40 seconds was noted. On all 4 occasions, 
EMG data were recorded during 40 seconds of walking on a motor driven treadmill 
with a walking surface of 200 by 70 cm. Patients walked at a self-selected speed 
during the first gait assessment, and this speed was maintained throughout the 
other 3 assessments in order to control for the potentially confounding effects of 
gait speed. All patients wore a harness for safety, but no body weight support was 
provided. Seven of the control subjects walked at a treadmill speed of 0.56 ms-1 , 
whereas eight control subjects walked at 0.22 ms-1, so that the mean gait speed in 
the control group was 0.42 ms-1. 
 
Data recording and data analysis 
Electromyographic recordings were made using disposable surface electrodes 
(MediTrace ECG 1801 Pellet, (Ag/ AgCl)) with a diameter of 10-12 mm and a 
minimum inter-electrode distance of 24 mm (Graphics Controls, Buffalo NY, 
USA). Activity was recorded from Biceps Femoris (BF), Rectus Femoris (RF), 
Tibialis Anterior (TA), and Gastrocnemius Medialis (GM), of the paretic as well as 
the nonparetic leg. Electrodes were placed according to SENIAM conventions 
(Freriks et al. 1999).  
Incoming signals were pre-amplified using a K-lab SPA 20/8 pre-amplifier 
(common mode rejection ratio > 95 db; noise level of < 1 µV rms), and 
subsequently high pass filtered (third order Butterworth filter with - 3db point at 20 
Hz), and low pass filtered (second order Butterworth filter with- 3db point at 500 
Hz). Next, the EMG data were digitised at 2400 Hz, and stored on computer hard 
disk for further offline processing (see below). Light reflective markers were 
attached to the heels of both feet, and recorded by 5 infrared cameras (PRIMAS 
). The marker data were sampled at 100 Hz, stored on computer hard disk, and 
used for detection of the stance and swing phase of the gait cycle.  
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Initial contact and toe off for both legs  was determined using speed 
distribution analysis of the heel marker data (Peham et al.1999). Based on these 
data, the EMG signals for each stride were time normalized with respect to the 
stride duration to achieve proper temporal alignment. Finally, for each muscle, the 
time normalized data were amplitude normalized with respect to the maximum 
EMG value obtained over all strides, for each subject. All EMG signals and marker 
data were analysed using custom software made in Matlab. 
 
Stride to stride variability of EMG patterns  
The EMG pattern represents changes in the amplitude of muscle activity as a 
function of (normalized) time. Stride to stride variabilityin EMG patterns may arise 
from two separate sources that need to be clearly distinguished. First, variability in 
patterns can be the result of stride to stride inconsistencies in the amplitude scaling 
of activity (e.g. to accommodate temporary demands in muscle force output) within 
patterns that share identical temporal features. This type of stride to stride 
variability will be referred to here as ‘gain variability’ since it reflects the variation in 
EMG amplitude within one common temporal pattern. Second, pattern variability 
may be due to random variations in amplitude and random phase shifts and cannot 
be explained as stride to stride variations in neuromuscular gain within common 
patterns. This type of stride to stride variability will be referred to here as ‘residual’ 
variability.  
Recently, the use of Principal Component Analysis (PCA) has been 
suggested as a data filtering technique for EMG data (see Daffertshofer et al. (2004) 
for a  tutorial; see also Lamoth et al (2004) for applications of this method). Here, 
we will utilize this technique to discriminate between stride to stride gain variability 
and residual variability in EMG patterns of individual muscles. 
 To assess the respective contribution of gain variability and residual 
variability to the stride to stride variation in EMG patterns, first the ‘global’ and 
‘residual’ patterns of activity were determined. The gain variability for a set of EMG 
patterns can be calculated after the common temporal information contained in this 
set has been determined. These patterns will be called the ‘global patterns’. The 
global patterns represent reconstructions of the time series of individual strides 
based on the joint temporal features present in all recorded strides. The residual 
variability for a set of EMG patterns can be determined after subtraction of the 
common pattern information as reflected in the global patterns. The resulting 
patterns will be called the ‘residual patterns’. Calculation of the stride tot stride 
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variation in a set of global and residual patterns results in indices for the gain and 
residual variability, respectively. 
For each subject and for each of the 8 muscles assessed, a N by 150 
datamatrix X was constructed containing the time normalized EMG data (1…150) 
for each of the N  recorded strides. Based on X, a N  by N  covariance matrix C 
was calculated that was subjected to principal component analysis (PCA). The 
resulting eigenvalues λk and eigenvectors Uk  that were obtained after eigenanalysis 
of C were used to construct the global activation patterns. To this end, first the 
projections ξk upon each of the N  principal axes were calculated as follows: 
XU kk ∗=ξ         [1] 
Next, linear combinations of these time series ξk were used to obtain the set of 










= ξ         [2] 
were t  (1…150) is the number of datapoints in the normalized gait cycle, and l is 
the number of principal components that were retained for construction of the 
global patterns. In this study, l was set a priori to 3, under the restriction that λk >1, 
or else l  was set to 2. Note that, when λk  ≤ 1, the corresponding time series ξk 
accounts for less variance than the variance contributed by the time series from one 
single stride, and therefore are unsuitable for identifying common temporal features 
in the original data set (Kaiser, 1960). The residual patterns, which represent 
elements of the original pattern that are not related to common pattern 










= ξ        [3] 
and can be computed simply by subtracting the global pattern from the original 
time series: 
XXX globalresidual −=        [4] 
Figure 1 represents a filtered and time normalized set of EMG patterns for one 
muscle (panel A), and the corresponding global (panel B) and residual (panel C) 
patterns. 
Finally, to obtain an estimate of the stride to stride gain and residual variability, the 
standard deviations between theN strides were calculated for each of the 150 
datapoints in the time normalized gait cycle, and subsequently averaged over the 
gait cycle. For example, the gain variability, representing the stride to stride 
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t      [5] 
where xglobaltn  represents the t-th datapoint of the global pattern during the n-th 
stride, and X global
t
 represents the grand mean of the global pattern at datapoint t. 
The residual variability, reflecting random amplitude variations and phase shifts 
present in the dataset, was calculated in a similar fashion. The gain variability and 
the residual pattern variability were calculated for each of the 4 muscles in both 









Figure 1. Time normalized, amplitude normalized, and filtered EMG data for 17 strides (panel 




For the EMG data obtained at the time of the first assessment, differences between 
patients and controls in gain variability and residual variability (the between factor 
GROUP) were tested for all muscles simultaneously using multivariate analysis of 
variance (MANOVA). In case of a significant effect of the factor GROUP, 
subsequent univariate analysis was performed for each of the muscles individually. 
In the latter case, Bonferoni corrections were applied to maintain the familywise 
error rate at 5%.  
Within the patient group, time related trends in gain variability and residual 
variability were tested by means of repeated measures ANOVA’s for each of the 
eight muscles studied. In order to assess the time related changes in EMG pattern 
variability, linear contrasts were used. Time related changes in RMI scores, FAC 
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scores, and maximum walking speed (within subjects factor TIME) were tested 
non-parametrically by means of the Friedman test for related samples. 
 
Results 
The mean time post stroke at the first assessment was 35 days (sd=7.7), 44 days 
(sd=7.0) at the second assessment, 60 days (sd=8.01) at the third assessment, and 
90 days (sd=9.4) at the fourth assessment. The mean walking speed in the patient 
group at the time of the first assessment was 0.35 (±0.21) ms-1, and ranged from 
0.11 to 1.06 ms-1.  
 
Functional recovery of gait ability 
Results for clinical measures of mobility, ambulatory independence and maximum 
walking speed were as follows: . the mean RMI score increased from 2.89 (sd=2.89) 
at the time of the first assessment to 9.57 (sd=3.5) during the final assessment, 
indicating that the general mobility of patients improved over time (Chi2 (df=3)= 
11.16; p<.05). In addition , patients showed improved  levels of ambulatory 
independence. The mean FAC score was 2.64 (sd=0.93) during the first assessment 
and increased to 3.64 (sd=1.01) at the time of the fourth assessment (Chi2 
(df=3)=12.01; p<.05). Finally, the mean maximum walking speed that could be 
maintained on the treadmill for a period of 40 seconds increased over time, from 
0.37 ms-1 (sd=.31) at the first assessment to 0.87 ms-1 (sd=0.41) during the final 
assessment (Chi2=40.01; p<.001).  
 
Gain variability of muscle activity during the first assessment 
The mean and SDs  of the gain variability are  shown in figure 2. In the paretic BF, 
the mean gain variability was .077 (sd=.20) which was significantly larger than in 
the control group (.051, sd=.014; F(1,27)=16.66, p<.001). Although a similar trend 
was observed for the paretic RF (.074, sd=.22) vs. .059 (sd=.023) in controls), this 
difference did not reach statistical significance (F(1,27)=4.00, p=0.056). For the TA 
and GM of the paretic leg, no group differences in gain variability were found 
during the first assessment. 
On the nonparetic side, the gain variability of the BF pattern (.072, sd=.017) 
was significantly higher than in control subjects (.051, sd=.014; F(1,27)=21.46, 
p<.001). For the other muscles of the nonparetic leg, no significant differences in 
gain variability were found. 
 
 





















Figure 2. Mean (+SD) gain variability  for all 4 assessments in patients, and for controls (†= 
significant difference between first assessment in patients and controls (p<.05); * = significant 
linear change over time (p<.05)) 
 
Residual variability of muscle activity during the first assessment 
The mean (+ sd’s) for the residual variability are shown in figure 3. In the paretic 
leg of patients, significantly higher levels of residual variability were found in BF 
(.054 (sd=.017) vs .034 (sd=.009) in controls; F(1,27)=16.84, p<.001). Similarly, the 
mean residual variability of RF patterns was larger in the paretic leg of patients 
(.052, sd=.015) than it was in controls (.042, sd=.013), although this difference did 
not reach significance (p=.090). No significant differences in residual variability 
were found for the paretic TA and GM. 
In the nonparetic leg, variability of the residual pattern was larger in BF (.051, sd= 
.011) compared to control values (F(1,27)=13.37, p=.001). Again, a similar trend 
was observed for the nonparetic RF (.049 (sd=.022) vs  .042 (sd=013) in controls) 
but this differences only bordered on statistical significance (F(1,27)=4.08; p=.053). 
For the TA and GM of the nonparetic leg, no significant differences in residual 
variability were found during the first assessment. 
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Figure 3. Mean (+SD) residual variability for all 4 assessments in patients, and for controls (†= 
significant difference between first assessment in patients and controls (p<.05)) 
 
Changes in gain variability and residual variability over the course of gait recovery 
Figures 2 and 3 show the mean (+sd’s) gain variability and residual variability, 
respectively, for the paretic and nonparetic BF, RF, TA, and GM, for all 4 
assessments. Analysis of time related changes in EMG pattern variability by means 
of linear contrasts showed that the amount of gain variability in the paretic BF 
decreased significantly over the course of gait recovery (F(1,13)= 9.87; p=.008). 
Figure 4 shows the residual and global BF patterns of the paretic leg for one single 
patient. Note that the amount of gain variabilty decreases over the course of 
recovery, whereas the level of residual variability remains stable over time. In the 
nonparetic BF, as well as for the other muscles studied, no statistically significant 
changes in the level of gain or residual pattern variability were found over time. 
 
Discussion   
In an earlier study we examined the gross temporal patterning of muscle activity 
using the same dataset, and found that the stance phase activity of BF in both legs 
 

















Figure 4. Global (left column) and residual (right column) patterns for all 4 assessments, for one 
typical patient. For this patient, the gain variability decreases over time, whereas the residual 
variability remains stable over the course of gait recovery.  
 
was significantly prolonged in patients (den Otter et al., in press). This abnormality 
represents a rather common feature of gait related muscle activity in hemiparetic 
stroke and confirms work by others (Hirschberg and Nathanson, 1952; Peat et al., 
1976; Knutson & Richards. 1979; Shiavi et al., 1987). However, this phenomenon is 
not uniquely related to stroke and similar findings have been reported for spinal 
cord injured persons (Leroux et al., 1999), patients with diabetic neuropathy (Kwon 
et al., 2003), and in stepping infants (Okamoto et al. 2003),suggesting that 
prolonged activity of hamstring muscles represents a more general neuromuscular 
strategy that can be used to provide additional support during the stance phase.  
The results of the present study show that patterns of BF activity in stroke 
are more ‘contaminated’ with random fluctuations in amplitude and random phase 
shifts, and that these patterns are also characterized by an abnormally high stride to 
stride variability in their amplitude. The present results therefore suggest that newly 
formed patterns of BF activity after stroke are characterized by a relatively low 
consistency in timing and shape, and high variability in the regulation of 
neuromuscular gain over strides. The observation that abnormally high levels of 
gain and residual variability were also found on the nonparetic side confirms results 
from other studies, showing that both function and performance on the so called 
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‘unaffected’ side are substantially different from that observed in healthy persons 
(Watkins et al., 1984; Debaere et al., 2001; den Otter et al., 2005).  
We hypothesized that the recovery of gait function after stroke is associated 
with a reduction in the stride to stride variability of neuromuscular pattern 
production. Indeed, in the paretic BF, a significant reduction in gain variability was 
found over the course of recovery. The results of the present study confirm that 
the stride to stride variability contained in electromyographical, kinematic or 
spatiotemporal patterns may provide valuable information on the control of gait 
(Hwang et al. 2003; Owings and Grabiner, 2004; Lamoth et al. 2004, Bilney et al. 
2005), and suggest that this variable is sensitive to recovery or deterioration of gait 
ability in patient groups or elderly. 
In two recent studies (Buurke, 2005; den Otter et al. in press) it was found 
that the gross temporal patterning of gait related muscle activity does not change 
over the course of functional gait recovery during the subacute phase of stroke, 
even if the initial patterns display aberrant temporal features. Together with the 
present results, this suggests that the gross temporal patterning of muscle activity 
during gait is established early after stroke, and that further recovery related 
changes in neuromuscular patterning is related to increased consistency in the 
production of these patterns rather than to the formation of new patterns. One 
may argue that the emergence of new patterns is a short term result of the altered 
action dynamics after stroke, whereas the stabilization of these newly acquired 
patterns evolves over a longer period of time. Indeed, evidence from studies on 
bimanual coordination patterns provide for the idea that pattern formation and 
pattern stabilization may follow different time courses (Lee et al., 1995; Wenderoth 
and Bock, 2001). 
The finding that recovery during the subacute phase of stroke may be related to the 
stabilization  rather than the formation of patterns has several clinical implications. 
First, if the formation of co-ordinative patterns is a rather immediate process, 
clinical efforts to correct or normalize co-ordinative abnormalities will probably  
have limited effects. Clinical attempts to correct abnormal gait co-ordination 
patterns should, in this view,  be restricted to the early phases of rehabilitation 
when, under the influence of physiological recovery (e.g. of muscle force output 
and selective muscle control), the constraints imposed upon gait control  are still 
subject to substantial change. In fact, during these early phases, premature 
development of compensatory patterns may impede the emergence of more 
optimal co-ordinative preferences. Second, because the automatization of gait 
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patterns will profit from  task specific efferent and afferent information, and 
because the speed of pattern stabilization is likely to be a function of repetition 
frequency, functional recovery will be facilitated through intensive and task specific 
gait training (see van Peppen et al. (2004) for a review).  
 
Conclusion 
In this study, we examined whether patterns of gait related muscle activity in post 
stroke hemiparesis are associated with abnormally high levels of stride to stride 
variability, and whether this variability changes over the course of gait recovery. It 
was found that significantly higher levels of (gain and residual) stride to stride 
variability were apparent in the patterns of BF activity in both legs, and that the 
levels of gain variability in the paretic BF decreased significantly over the course of 
functional gait recovery. These findings suggest that recovery of gait ability in the 
post acute phase of stroke may be associated with a more consistent production of 
neuromuscular patterns during gait, rather than the development of new co-
ordinative patterns. This conclusion has clear implications for goal setting in stroke 
rehabilitation programmes, particularly after the phase of physiological recovery. 
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Abstract 
Whereas several animal studies have pointed at the important role of the motor cortex in 
the control of voluntary gait modifications, little is known about the effects of cortical 
lesions on gait adaptability in humans. Obstacle avoidance tasks provide an adequate 
paradigm to study the adaptability of the stepping pattern under controlled, experimental 
conditions. In the present study, an exploratory assessment was made of the failure rate, 
the preferred stepping strategies (step lengthening vs. step shortening), and the 
spatiotemporal stride characteristics (percentage increase in stride length, duration, and 
velocity of the crossing and the post crossing stride) during obstacle avoidance, in 11 
hemiplegic stroke patients and 7 healthy controls. Patients were  less successful in 
avoiding obstacles than controls (14 % failure rate vs. 0.5 % in controls), independent of 
whether the affected or the unaffected leg led the obstacle avoidance. The number of 
failed trials increased systematically when the available response time became shorter. 
During successful trials, lengthening of the step was generally preferred over shortening. 
This bias towards step lengthening was more pronounced in stroke patients (step 
lengthening in 91 % of the trials vs. 75 % in controls), irrespective of the side of obstacle 
presentation. For both groups, overall strategy preference did not adhere to a principle of 
minimal foot displacement, since step lengthening was used even if it would be more 
spatially efficient to shorten the step. No statistically significant group differences were 
found for the increase in length, duration and velocity of the crossing and the post 
crossing stride. However, for a subgroup of more slowly walking patients, large percentual 
increases were found in crossing stride length, duration, and velocity. Similar results were 
obtained for the post crossing stride indicating that, for this subgroup of patients, 
restoration of the normal walking cadence was more difficult. Overall, no systematic 
differences were found between the affected and the unaffected leg in stroke patients, in 
either failure rates, stepping strategies or spatiotemporal measures of obstacle avoidance. 
The present findings suggest that the ability to adequately modify the stepping pattern in 
response to imposed spatiotemporal constraints, is impaired in persons with stroke, 
especially when modifications have to be performed under time pressure. In addition, the 
stepping strategies employed by subjects with stroke are different from those found in 
controls, possibly to reduce the complexity of the avoidance manoeuvre and to enhance 
safety. Finally, unilateral cortical damage results in an impaired ability to avoid obstacles 
on both sides of the body, suggesting that the reduced ability of stroke patients to 
negotiate obstacles may be related to problems of a more general coordinative nature.  
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Introduction 
During unperturbed human walking, the spatial and temporal characteristics of the 
steps are relatively fixed and typically show low step-to-step variability. The ability 
to impose intentional, ‘on–line’ modifications upon these tight spatiotemporal 
relationships, represents a fundamental aspect of human locomotor skill that allows 
persons to maneuver safely over varied terrain. Such modifications often involve a 
rigorous re-parameterization of forces within a short time window, and require a 
high level of neuromuscular control (Bonnard and Pailhous, 1993). Consequently, 
people with impaired neuromuscular functioning (e.g. due to age or neurological 
disorders) may be more vulnerable to perturbations of the ongoing stepping 
pattern, which could explain the high incidence of falls that has been reported for 
these groups (Blake et al. 1988; Tutuarima et al. 1997; Forster and Young 1995). 
Arguably, experimental studies on the spatiotemporal flexibility of walking in these 
groups may aid our understanding of what causes these people to fall, and may help 
to develop better preventive training programs. 
One way to study the ‘on-line’ adaptability of human gait is to have people 
avoid obstacles that are placed on the walking surface. The avoidance of obstacles 
requires the selection of an alternative landing area for the foot, the planning of a 
new step, as well as a reorganisation of the ongoing movement sequence to execute 
the newly planned step. Whereas evidence from cat studies has shown the 
importance of corticospinal pathways for successful negotiation of obstacles 
(Drew, 1988,1996), information on obstacle avoidance in humans with central 
lesions is still scarce. In two studies by Said and coworkers (1999, 2001) it was 
shown that the performance of stroke patients in an obstacle avoidance task was 
impaired, and that patients used different modifications of the lead limb trajectory 
during successful crossing steps. The present study further explores obstacle 
avoidance in stroke patients with special emphasis on the role of time pressure in 
these tasks. As has been evidenced by studies in healthy young and elderly subjects, 
the time that is available to modify the walking pattern following obstacle 
presentation is an important determinant of the failure rate in this type of task (cf. 
Patla et al. 1991; Chen et al., 1994, 1996; Weerdesteijn et al. 2001). Hence, this 
parameter can be used in experimental settings to systematically vary task 
complexity, and to test flexibility of the stepping pattern under varying degrees of 
time constraint . From work done by Chen and coworkers (1994, 1996) we know 
that failure rates on avoidance tasks increase when the time available to respond 
becomes shorter. The effects of time constraints on the adaptability of gait may be 
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even more outspoken for individuals with hemiplegic stroke. The motor 
impairments associated with damage to sensorimotor areas may lead to an inability 
to initiate fast adaptive movements during gait. In addition, the general slowness of 
information processing that is often present in these patients (Gerritsen et. al, 
2003), could make quick re-planning of ongoing gait movements difficult. These 
impairments will make patients vulnerable in situations that require on-line 
modifications of the stepping pattern, which may lead to increased failure rates on 
avoidance tasks when the available response time becomes short.  
During successful obstacle avoidance, an alternative foot landing location is 
chosen in order to avoid undesirable contact with the obstacle. When the landing 
area has to be chosen in the plane of progression, two types of stepping strategies 
are available, i.e. the perturbed step can either be lengthened or shortened. It has 
been suggested that, for young adults, the stepping strategy that is preferred serves 
to minimize the amount of foot displacement relative to the normal landing area 
(Patla et al, 1999). However, this rule may not apply to other categories of subjects. 
A recent study on obstacle avoidance in elderly subjects has shown that a simple 
criterion of spatial efficiency alone may not be sufficient to account for the 
stepping strategies employed by these subjects (Weerdesteijn et al. 2001). More 
specifically, subjects showed a strong bias towards lengthening of the step, even 
under conditions where a shortening of the step would have been more appropriate 
in terms of spatial efficiency. These results warrant further research on obstacle 
related stepping strategies, especially in groups with reduced locomotor skills (i.e. 
hemiplegic stroke), because inadequate or inefficient selection of alternative foot 
landing areas endangers ambulatory safety and may lead to falls.  
Another interesting aspect of obstacle avoidance in persons with locomotor 
impairments regards the implementation of the avoidance steps. With respect to 
hemiplegic gait, aberrations in the spatiotemporal properties of the stepping pattern 
(e.g. lower step length and cadence, asymmetries in stance / swing time 
distribution) have been reported on several occasions in the literature (Lehman, 
Condon, Price, & deLateur, 1987; Nakamura, Handa, Watanabe, & Morohahsi, 
1988; Olney, Griffin, Monga & McBride, 1991). Within the context of the present 
study it would be  interesting to know how hemiplegic patients manage to adjust 
both the timing and amplitude of the stepping movement, when solutions are 
spatially and temporally constrained by an obstacle avoidance task. A recent study 
showed that hemiplegic stroke patients generally use larger toe clearances and step 
durations than controls during obstacle crossing, possibly to reduce the risk of 
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contact with the obstacle (Said et al., 2001). Such information is important for a 
better understanding of how these patients accomplish step pattern modifications, 
and how such modifications contribute to either enhancement or reduction of 
ambulatory safety. It is important to note that adaptation of spatiotemporal stride 
characteristics may involve the post-crossing stride as well.  
Another interesting aspect of hemiplegic walking is the presence of 
sensorimotor asymmetry.  Despite the primarily unilateral nature of the motor 
impairment, studies by Said et al. (1999, 2001) have shown that patients  showed no 
preference to lead with the affected or the unaffected leg although they performed 
worse when the affected leg led the obstacle-crossing maneuver. Apparantly, the 
complex coordinative adaptations involved in obstacle avoidance  pose a 
considerable challenge to stroke patients, regardless of whether the avoidance 
manoeuvre is led by the affected or the unaffected leg. Whereas modification of the 
trajectory of the affected leg may cause problems because of the reduced ability to 
generate and sustain fast corrective movements, the reduced weight bearing ability 
and diminished propulsive power on the affected side may affect obstacle 
avoidance performance on the unaffected side. More information is needed to 
better evaluate  the role of sensorimotor asymmetry in obstacle avoidance tasks, 
with regard to the failure rate, the employed stepping strategies, and the 
spatiotemporal stride characteristics. 
In this study, obstacle avoidance in hemiplegic stroke patients is studied 
under conditions of time pressure. The following hypotheses are put forward. First, 
with regard to task performance, it is expected that stroke patients will make more 
failures than healthy subjects on the avoidance task. In addition, we predict that the 
relative number of failed trials will increase when the time that is available to 
respond becomes short, and that these time pressure effects will be more 
pronounced in stroke patients. Second, in line with previous work on healthy 
elderly (Weerdesteijn et al., 2001), we expect that the relative number of shortening 
trials will increase when this will be spatially more efficient, but that subjects will 





11 hemiplegic stroke patients (mean age 62.73 yrs (range 29-83 yrs)) and 7 healthy 
controls (mean age 69.1 yrs (range 54 – 73 yrs)), participated in this study. Mean 
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time post-stroke for the patient group was 14.1 months (range 4-21 months). Six 
patients suffered from right-sided hemiparesis and five patients suffered from left 
sided hemiparesis.  
To be included in this study, patients had to satisfy the following criteria: a 
cortical stroke due to infarction or haemorrhage, (past or continuing) rehabilitation 
training for balance and gait problems, and the ability to ambulate independently 
without the use of walking aids or orthoses. The time post onset for patients had to 
be at least 4 months. Exclusion criteria were: a Mini- Mental State score less than 
25 (Folstein et. al, 1975); medical conditions unrelated to the cerebrovascular 
accident that are known to affect walking performance; severe cognitive, emotional 
or behavioural impairments, resulting in insufficient comprehension, 
understanding, or collaboration. Also, the presence or absence of visuospatial 
neglect was judged after administration of the line bisection task (Schenkenberg, 
Bradford, & Ajax, 1980), the letter cancellation task (Diller et al., 1974), the Bells 
test (Gauthier et al., 1989) and clock drawing (Wilson et al, 1987).  None of the 
tested patients scored abnormally on more than one of these tests, so that all tested 
patients could eventually participate in the study. For all patients, the degree of 
lower extremity motor selectivity (i.e. the Brünnstrom stage of recovery) the 
presence or absence of contractures, clonus, sensory problems, higher order 
perceptual disorders, and the quality of trunk control were assessed by an 
experienced physician using standard clinical procedures (see Table 1 for patient 
characteristics). Subjects in the group of healthy controls reported not to suffer 
from any neurological or orthopaedic disorder that is known to affect walking 
performance. All patients gave their written informed consent prior to 
experimentation.  The study was approved by the Medical Ethic Committee of the 
Sint Maartensclinic in Nijmegen. 
 
Experimental setup 
During the experiment, subjects walked on a motor driven treadmill (dimensions of 
the walking surface: 2000 mm (l) * 700 mm (w)). At the front end of the treadmill a 
chipboard obstacle (dimensions: 400 mm (l) * 300 mm (w) * 15 mm (h)) was 
attached to an electromagnet (similar to the method described by Schillings et al., 
1996). The length of the obstacle corresponds to approximately 25-30% of the step 
length that has been reported for healthy adults at normal walking speed (Perry, 
1992). Based on these data, we assumed that the required step length modifications 
would be feasible for our subjects, but that they would still be sufficiently  
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challenging to bring about a serious disruption of the ongoing walking pattern. On 
the other hand, the height of the obstacle is relatively small, hence the required 
modifications are related primarily to the length of the step, and to a lesser extend 
to the amount of vertical clearance.  
In order to record movement of the foot relative to the obstacle, lightweight 
reflective markers were attached to the most posterior end of the shoe (heel 
marker), the most anterior end of the shoe (toe marker) and the front end of the 
obstacle. Movements of the markers were recorded in 3D using a Primas infrared 
camera system. Movement data were sampled at 100Hz and stored on hard disk 
using Winread data acquisition software.  All trials were also recorded on video.  
For the objectives of the present study, it was essential that both obstacle 
presentation and the initial avoidance response would take place within one step 
cycle, thus achieving obstacle avoidance under time critical conditions. 
Furthermore, it was our intention to present the obstacle during different phases of 
the step cycle, thereby varying the Available Response Time (ART). In order to 
experimentally control the available response time it was necessary to predict the 
unaltered landing position of the foot relative to the obstacle, as well as the normal, 
unperturbed stride duration. For this purpose, information of the heel marker 
signal was fed to a computer, during a series of unperturbed steps. By recording the 
foot landing position and the stride duration for a number of successive steps, an 
online estimate could be made of the normal landing location and stride duration. 
Based on this information, the landing location and landing time of the following  
 





















Figure 1: Relation between the moment of obstacle presentation relative to the gait cycle, the 
available response time, and the amount of required foot displacement. Depicted are the 
ipsilateral leg in its predicted (i.e. unaltered) landing position (dashed), and its actual position at 
the moment of obstacle presentation, during (A) unperturbed walking (B) obstacle presentation 
during late swing, (C) obstacle presentation during early swing, and (D) obstacle presentation 
during late stance. Note that the moment of obstacle presentation relative to the gait cycle 
determines how much time is available to respond, and which stepping strategy (lengthening or 
shortening) requires the smallest amount of foot displacement. ART= Available Response Time. 
 
stride(s) was predicted. The time that was available to respond as well as the 
predicted landing area on the obstacle could now be manipulated by controlling the 
moment of obstacle presentation in the step cycle (see figure 1). This procedure 
was repeated for each trial. 
In figure 1, it can be seen that if the obstacle was presented during late 
swing, the unaltered landing area of the foot would be on the near end of the 
obstacle Consequently, the amount of foot displacement required to avoid contact 
with the obstacle favors step shortening. Because the distance between foot 
position at the moment of obstacle presentation and the predicted landing area is 
small, the available response time (ART) is short (see figure 1b). In contrast, when 
 
Normal landing area of the foot A .  
unperturbed  
walking 
B . Obstacle  
presentation  
during late  
swing 
C . Obstacle  
presentation  
during early  
swing 
D . Obstacle  
presentation  
during late  
stance 
• ART: short  
• Foot displacement: favors  
step shortening 
• ART: intermediate  
• Foot displacement: favors  
either step shortening or  
lengthening 
• ART: long  
• foot displacement: favors  
step lengthening 
Gait control after stroke 
Obstacle avoidance after stroke 110 
the obstacle was presented during late stance, the unaltered landing area would be 
on the far end of the obstacle, and the amount of foot displacement required to 
avoid the obstacle favors lengthening of the step. In this case, the distance between 
the foot and the predicted landing area is relatively large and the ART is long (see 
figure 1d). 
In order to enhance estimation accuracy, subjects were instructed to walk at 
the same position on the treadmill and to maintain a constant distance from the 
obstacle of about 10 centimetres. The distance from the obstacle was monitored 
visually by one of the experimenters, and in case subjects did not conform to the 
prescribed distance they were warned verbally. The distance from the obstacle was 
monitored visually by one of the experimenters, and in case subjects did not 
conform to the prescribed distance they were warned verbally. In addition, marker 
data of all trials were inspected off line. In particular, it was checked whether the 
foot indeed would have landed on the obstacle if no avoidance reaction was 
initiated. Occasionally, the predicted foot landing area would be in front of the 
obstacle surface if the prescribed distance to the obstacle was not maintained. Such 
trials were identified off line and excluded from further analysis. This way, 6% of 
the trials had to be rejected. Trials were presented in randomised blocks to prevent 
the use of anticipatory strategies by subjects. Each block consisted of four trials, 
with each trial corresponding to a particular category of ART's (0- 250 ms, 251-500, 
501-750, and 751-1000 ms). Note that the exact ART of each trial was estimated 
off-line after completion of the experiment.  
 
Procedure 
For both controls and stroke patients, the default walking speed that had to be 
pursued was 0.56 ms-1. This speed compares well to the walking speeds that have 
been reported in the literature for hemiplegic stroke patients (0.23 to 0.73 ms-1, cf. 
Olney and Richards, 1996)). However, the selected speed is considerably slower 
than the speeds that have been reported for healthy elderly (0.70 to 1.38 ms-1, cf. 
Prince et. al, 1997). Nevertheless, this speed was chosen because we expected it to 
be feasible for most of the patients, without being experienced as abnormally low 
by healthy subjects. Prior to experimentation, all patients walked on the treadmill 
while the speed was gradually increased until the desired speed of 0.56 ms-1 was 
reached. However, if patients were unable to walk at the specified speed, or were 
presumably unable to maintain the required speed for the duration of the entire 
experiment, treadmill speed was adjusted until the maximum pace was reached at 
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which the minimum number of required trials could presumably be completed. For 
5 of the 11 stroke subjects, the target speed of 0.56 ms-1 appeared to be unfeasible, 
and the treadmill was set to a slower speed to guarantee a sufficient number of 
trials under safe conditions. Each obstacle presentation was equivalent to one ‘trial’. 
For the stroke subjects, the total number of trials was set to 24 for each leg. During 
the experiment, four of the eleven patients reported to be too fatigued to continue 
the experiment and the experiment was halted. For these patients, a minimum of 18 
trials could be obtained for each leg. For the control subjects, the experiment 
involved 28 presentations of the obstacle, to the left leg only. Treadmill speed for 
controls was always set at 0.56 ms-1. Between two obstacle presentations, subjects 
walked unperturbed for approximately 30 to 50 seconds.  
All subjects were instructed to avoid foot contact with the obstacle, and were 
informed that steps beside the obstacle were classified as failures. Patients were 
allowed to take a rest in between blocks of trials, if necessary. Although patients 
were encouraged to walk unsupported, they were allowed to hold on to a bar at the 
front end of the treadmill if they experienced problems maintaining dynamic 
balance. The height of the rail was adjusted for each individual patient and set to 
pelvis height. Therefore subjects could only use it for reference, not for body 
unloading. This was done to discourage the use of arm strategies, e.g. to prolong 
single stance phases during the crossing manoeuvre. For safety, all subjects wore a 
harness around the waist attached to a special suspension system. No body weight 
support was supplied.   
Data analysis 
Video recordings were made in order to classify each attempt to cross the obstacle 
as either a ‘success’ or a ‘failure’, and to further categorise the successful trials as a 
‘lengthened step’ or as a ‘shortened step’. A trial was considered as a failure if the 
subject stepped on or beside the obstacle. In the case where foot contact was made 
in front of the obstacle prior to the actual crossing step, the trial was categorised as 
a ‘shortened step’ (see figure 2a). A successful trial was categorised as a ‘lengthened 
step’ if the step cycle in which the obstacle was presented was lengthened to cross 
the obstacle (see figure 2 b).  
The individual failure rates were expressed as a percentage of the total 
number of trials completed by each subject. Similarly, individual strategy preference 
scores were obtained by calculating the frequency of occurrence of each strategy as 
a percentage of the total number of successful trials. Both the individual failure 
rates and the individual strategy scores were subsequently averaged to obtain mean 
Gait control after stroke 
Obstacle avoidance after stroke 112 
failure rates and strategy scores for the control group, and for presentations to the 
affected and unaffected leg in the patient group.  
Because the timing of obstacle presentation relative to the gait cycle is likely to  
affect the degree of difficulty of the obstacle avoidance task, failure rates were 
further categorised with respect to the phase of the gait cycle in which the obstacle 
was presented. Each trial was categorised as belonging to one of five categories: 
presentation between 1 – 20%, 21 – 40%, 41 – 60%, 61 – 80%, or 81 – 100% of 
the gait cycle. For stroke patients, a mean number of 4.1 trials (sd=0.38) within 
each of these categories could be obtained for the affected leg, and a mean number 
of 4.3 trials (sd= 0.46) for the unaffected leg. For controls subjects, the mean 
number of trials within each category was 5.2 (sd=0.52 ).  
The gait cycle was defined as the time between two ipsilateral initial foot 
contacts, and was determined using speed distribution analysis of the heel marker 
data (Peham et al. 1999). This technique uses velocity data of the heel marker to 
create a distribution of speed values. The speed with the most frequent occurrence 
is assumed to correspond with the stance phase (i.e. no movement of the marker 
relative to the walking surface). Subsequently, this speed is used as a threshold for 
detection of the onset and termination of the stance phase.  
In order to calculate the ART, first the normal landing time was predicted by  
For young adults, it has been suggested that the amount of required foot 
displacement relative to the normal landing area plays an important role in 
determining the location of the alternative landing area (e.g. landing in front of the 
obstacle or behind it) (Patla et al. 1999). Therefore, we categorised the percentage 
of shortening and lengthening trials with respect to the amount of displacement 
required to employ a successful lengthened step or a successful shortened step. 
This was done by calculating the following value: 
 
% in favour of lengthening =  
 
100*
(mm)length  step dunperturbe









This value represents the amount of foot displacement in favour of step 
lengthening, with negative values occurring if step shortening would be spatially 
more efficient. These values enabled us to categorize each trial as belonging to one 
of six categories: 0-25%, 26-50%, or more than 50% of unperturbed step length in 
favour of step lengthening; or 0-25%, 26-50%, or more than 50% of unperturbed 






























Figure 2. Schematic explanation of some key concepts: (A) Shortening strategy: additional foot 
contact is made in front of the obstacle prior to the actual crossing manoeuvre. (B) Lengthening 
strategy: the step during which the obstacle is presented is lengthened to cross the obstacle. (C) 
Available response time: the time between obstacle presentation and the predicted (unaltered) 
landing time of the foot. (D) Required foot displacement: minimum amount of foot displacement 
necessary to avoid stepping on the obstacle, relative to the unaltered landing area. Note that 
lengthening and shortening of the step usually require different amounts of foot displacement. 
extrapolating the duration of the last unperturbed stride preceding obstacle presentation. The 
difference between the moment of obstacle presentation and the predicted normal landing time 
was the ART (see Figure 2c). 
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step length in favour of step shortening (see Figure 2d).  
In order to obtain more detailed information on the spatial and temporal 
stride characteristics, stride length (mm), duration (ms), and velocity (ms-1) were 
calculated for the pre-crossing, crossing, and post-crossing stride.  Because of 
between subject differences in the length, duration, and velocity of the normal 
stride, the spatial and temporal variables for the crossing and post-crossing stride 
were normalised with respect to the last unperturbed stride preceding obstacle 
presentation. This was done in order to legitimate between subject comparisons on 
these variables. For example, the pre-crossing stride length was used to calculate 
the ‘percentage increase in crossing stride length’ as follows:  
 
( )( ) 100100*length step crossing prelength step crossinglength step crossingin  increase % −=
 
This measure expresses the percentage of extra stride length used during the 
crossing stride, relative to the stride length during normal, unperturbed walking.  
 
Statistical analysis 
During experimentation, 6 stroke subjects were able to walk at the target treadmill 
speed of 0.56 ms-1, while 5 patients completed the experiment at slower treadmill 
speeds (see Table 1 for information on the actual walking speeds that were 
employed). These groups will be referred to as group S1 (0.56ms-1) and S2 (< 
0.56ms-1). Because of the differences in walking speed, statistical comparisons 
between group S2 and the control group are questionable. Therefore, group S2 was 
excluded from statistical analysis. Nevertheless, the S2 results will be presented and 
discussed, because this group may still provide valuable information on obstacle 
avoidance in more slowly walking and more severely affected stroke patients. 
Effects of the factor ‘Group’ (S1 vs. controls) on the percentage of failures 
and the percentage of shortened steps employed were tested non-parametrically 
using the Mann-Whitney test . Within the patient group, effects of the factor ‘Side’ 
(obstacle presentation to the affected side vs. presentations to the unaffected side) 
on the number of failures and the percentage of shortened steps were tested using a 
Wilcoxon matched pairs signed ranks test. We used Friedmans non parametric test 
for repeated measures to test whether the ART affected the percentage of failures, 
and whether the amount of required foot displacement affected the percentage 
shortening strategies. For each of these non-parametric tests the α-value was set to 
.05. 
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Group differences in normal stride length, duration, and velocity, and 
percentage increase in (post-) crossing stride length, duration, and velocity, were 
tested simultaneously using a one way multivariate analysis of variance (MANOVA) 
with ‘GROUP’ (S1 vs controls) as a between subjects factor. Within the patient 
group S1, effects of the factor ‘SIDE’ (obstacle presentation to the affected side vs. 
presentations to the unaffected side) on normal stride length, duration, and 
velocity, as well as percentage increase in (post-) crossing stride length, duration, 





The mean percentage of failed trials on the obstacle avoidance task was 0.5 % in 
control subjects, whereas it was 14% in stroke group S1. Nonparametric statistical 
testing revealed a significant group effect (U=2; p=.004). The mean failure rate of 
the more slowly walking stroke group S2 was 21%, which is also substantially 
higher than the value found for controls. Within stroke group S1, the mean 
percentage of failed trials when the obstacle was presented to the affected side was 
13% (range 0-46%) whereas the percentage of failures on the unaffected side was 
14% (range 0-50%). This difference was not statistically significant (z=-0.31; 
p=0.75).  In the more slowly walking stroke group S2, failure rates amounted to 
18% (range 0-41%) when obstacles were presented to the affected side, and 24% 
(range 4-58%) when obstacles were presented to the unaffected side. As can be 
seen in figure 3, the failure rate in group S1 depended on the moment of obstacle 
presentation, when the obstacles were presented to the affected leg (Chi- square 
(df=4) = 18.81; p=.001), as well as when the obstacles were presented to the 
unaffected leg (Chi-square (df=4) = 15.07; p=.005). From this figure it becomes 
clear that the relative number of failed trials increases when obstacles were 
presented late in the gait cycle and the corresponding ART's were short. Similar 
behavior was upheld by subgroup S2 (not illustrated), in which the mean percentage of failed 
trial increased from 10,2% (affected side) and 8.3% (unaffected side) for ART’s longer than 
750 ms, to28.3% (affected side) and 31.2% (unaffected side) for ART’s shorter than 250 ms. 
The controls made errors only for the shortest ART’s. Because the failure rates for controls 
were zero for all but one ART/ % gait cycle category, statistical testing did not yield a 
significant result for this group (Chi-square (df=4) = 4; p=.41). 
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Figure 3. The mean percentage of failures plotted as a function of the moment of obstacle 
presentation (% of gait cycle) and the available response time (ms.), for controls (white squares) 
and the faster stroke group S1 (unaffected side: black circles; affected side: grey diamonds). 
 
Stepping strategies  
All successful trials were categorized as either a ‘shortening trial’ or a ‘lengthening trial’ (see 
figure 2). On average, stroke patients in group S1 preferred a lengthening of the step on 
91.4%  (sd=6.98) of the trials, whereas controls used the lengthened step on 74.8% of the 
trials (sd=14.53). The difference between controls and stroke group S1 was statistically 
significant (U=5; p=.035). The bias towards step lengthening was also found in the more 
slowly walking stroke group S2, showing a mean percentage of lengthening trials of 81.89  
(sd=4.91). Within stroke group S1, the mean percentage of lengthened steps for presentations 
to the affected side was 89.20 (sd=9.17), whereas during presentations to the unaffected side 
this percentage was 93.7 (sd=10.11). This difference was not statistically significant (z=-.730; 
p=.465). Likewise, stroke group S2 did not show clear asymmetries between the two legs with 
regard to the stepping strategies that were employed. When the obstacle was presented to the 
affected leg, these patients used 
 




























Figure 4. Percentage of selected shortening (black bars) and lengthening trials (grey bars), plotted 
as a function of the amount of displacement required to employ a successful lengthened step or a 
successful shortened step. Top panel: control subjects; Middle panel: unaffected side, group S1; 
Bottom panel: affected side, group S1. 
 
a shortened step on 81.3 % (sd=8.70) of the trials, against 82.4% (sd=8.25) when the obstacle 
was presented to the unaffected leg.  
Figure 4 shows the percentage of shortening and lengthening trials for group 
S1 and controls, as a function of the amount of foot displacement required to 
execute either stepping strategy successfully (see figure 2d for an explanation). 
Again, group S2 was excluded from the figure to ensure comparability in terms of 
walking speed (see above). It can be seen that there was a strong bias towards 
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lengthening of the step, even in cases were shortening of the step would be spatially 
more efficient. For instance, control subjects used step lengthening in 53.17% of 
the trials even when it was 26-50% more advantageous spatially to shorten the step, 
The differences between the six categories that reflect the amount of  required foot 
displacement, were statistically significant for stroke group S1 (Chi-square=27.01; 
p<.001) as well as for controls (Chi-square=31.73; p<.001). 
Figure 4 further shows that the bias towards step lengthening is more 
pronounced in patients than in controls. In controls, shortening of the step became 
the dominant stepping strategy only in trials where this was over 50% more 
spatially efficient.  In contrast, in stroke patients the shortening step never became 
the dominant strategy, neither at the affected nor at the unaffected side.  
 
Spatiotemporal step characteristics 
For the lengthening trials, a detailed analysis was made of the length, the duration, 
and the velocity of the normal, the crossing, and the post-crossing stride. Analysis 
of spatial and temporal characteristics was not possible for the shortening steps, 
because the number of trials in which the shortening strategy was performed, was 
insufficient. The absolute lengths (mm), durations (ms) and velocities (ms-1) of the 
unperturbed steps were included in the analysis, in order to relate data of the 
crossing and post crossing stride to characteristics of the normal stepping pattern.  
Stride length, duration and velocity for all three groups are depicted in figure 5. The 
average stride length during normal walking was 785 mm in controls (sd=110) and 
839 mm (sd=170) for stroke group S1, which was substantially larger than the 
average unperturbed stride length of patients in stroke group S2 (402 mm (sd=116). 
With regard to the crossing stride, stride length was increased by 37% (sd=17) and 
27% (sd=13) with respect to unperturbed stepping, for controls and S1 
respectively. The percentual increase in crossing length was substantially larger in 
stroke group S2, and amounted to a mean of 131% (sd=84). With regard to the  
post-crossing stride length, an overall decrease was found with respect to the pre 
crossing values. Differences in controls (-2%) (sd=9) were substantially smaller 
than the values found in stroke group S1 (-12%; sd=9). Again, deviations from the 
normal stride were largest in stroke group S2 (-29%; sd=14). Stride duration during 
unperturbed walking was 1482 msec (sd=188) and 1375 msec (sd=313) for stroke 
groups S1 and S2 respectively. These values compare quite well with the normal 
stride duration found in healthy controls (1388 msec; sd=294). However, during 
the crossing stride, stroke group S2 increased their stride duration on average by  




















Figure 5. Spatiotemporal characteristics of the normal, the crossing and the post-crossing stride. 
Left panels: stride lengths (as % of the normal, unperturbed stride length) plotted against stride 
durations (as % of the normal, unperturbed stride durations); Right: stride velocity (as % of the 
normal, unperturbed stride velocity). 
 
51% (sd=35), which was substantially larger than the  increases found for stroke 
group S1 (13%; sd=11) and controls (15%; sd=15). With respect to the percentage 
increase in post crossing stride duration, stroke patients increased their stride 
duration 29% (sd=14) and 9% (sd=6) for groups S2 and S1 respectively), whereas 
controls adopted a stride duration that was close to their normal stride duration (-
1% (sd=5)).  
The stride velocity for a particular trial was calculated by dividing the length 
of the stride by its duration During unperturbed walking, the mean stride velocity 
in stroke group S2 was (0.301ms-1; sd=.098), which is lower than the velocity values 
found for stroke group S1 (0.566 ms-1; sd=.007) and controls (0.564 ms-1; sd=.012).  
During obstacle crossing, subjects increased their stride velocity. The percentage 
increase in stride velocity during the crossing stride was larger in stroke group S2 
(mean increase 43%; sd =15) than in controls, whereas differences in crossing 
velocity between S1 (mean increase 14%; sd=10) and controls (mean increase 15%; 
sd=6) were negligible. During the post crossing stride, stride velocity was decreased 
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by 10% (sd=10) for subjects in S1, and by 12% (sd=7) in controls. Again, the 
largest deviations from normal stepping were found for group S2, were post 
crossing stride velocity was decreased by 47% (sd=14).   
The one way MANOVA with the between subjects factor ‘GROUP’ (S1 vs. 
Controls) that was used to test all spatiotemporal variables simultaneously, did not 
yield a statistically significant effect. This implies that stroke group S1 and controls 
did not differ with respect to the length, duration, and velocity of  the normal 
stride, or the percentual increase in length, duration and velocity of the crossing 




In the present study, it was found that stroke patients were more likely to fail the 
obstacle avoidance task. Failure rates at the affected as well as at the unaffected side 
exceeded the values found in healthy controls. The very low mean failure rate that 
was found for controls indicates that healthy subjects are well capable of modifying 
their step trajectories within the time frame of one step, provided that these 
modifications are made in the line of progression (see also Patla et al., 1991). In 
contrast to the near perfect scores for controls in the present study, Chen et al. 
(1994) found success rates of about 70% at ART’s of 350 ms, dropping to a mere 
15% at ART’of 200 ms, in a group of healthy elderly. However, in Chen’s study the 
subjects walked at a speed of about 1.40 ms-1, which is substantially faster than the 
0.56 ms-1 that was used in the present study. Stroke patients performed considerably 
worse on the obstacle avoidance task, which confirms the results previously found 
by Said et al (1999) for overground obstacle avoidance. However, in the present 
study, the mean overall failure rate for patients was 17,1 %, which appears to be 
relatively high when compared to the approximate 9% that was found in the Said et 
al. study. However, it must be noted that a simple comparison between Said et al.  
(1999) and the present study is not entirely warranted. First, the two studies differ 
with respect to the type of obstacle that was used. Whereas the dimensions of the 
presently used obstacle (400 mm (l) * 300 mm (w) * 15 mm (h)) were chosen 
primarily to provoke adjustments in step length and posed no real threat to 
ambulatory safety, the obstacles used by Said and coworkers were 100, 400, and 800 
mm high, and were possibly more related to unsafe gait or tripping. Second, the 
present study used treadmill walking, whereas subjects in the Said et. al study 
walked overground. In principle, this could have allowed subjects in the Siad et al. 
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study to adapt their walking speed in anticipation of the eventual crossing step. 
Because the present study was performed on a treadmill, such anticipatory 
strategies were not possible, which may partly explain the relatively high failure 
rates that were found in comparison to Said et. al (1999).  
 However, is it likely the addition of time constraints that represents the main 
contribution to the relatively high failure rates that were found in the present study. 
Indeed, we found that the chance of contact with the obstacle increased when 
ART’s were short.  Failure rates increased from about 7% for the longest ART’s 
(approximately 900 milliseconds) , to about 27% for the shortest ART’s 
(approximately 180 milliseconds). These results confirm work by others, showing 
that time criticality is an important determinant of the success rate in obstacle 
avoidance tasks (Chen et al 1994, 1996; Patla et al. 1991; 1996 Weerdesteijn et al. 
2001). Despite this, it is interesting to note that, even at ART’s of longer than 500 
milliseconds, stroke patients still fail the avoidance task much more often than 
controls. This perhaps reflects a more general deficit in the ability of stroke patients 
to negotiate obstacles that is independent of the effects of time pressure. A further 
point that needs mentioning is that failure rates in the stroke group were high, 
despite the very slow walking speeds that were employed (0.17 to 0.56 ms-1), 
implying that ‘slow’ walking cannot be equated with ‘safe’ walking for these 
patients. Even in the case of the slowest walking patient in this study (0.17 ms-1), 
failure rates were as high as 41.7% at the affected side, and 21.4% at the unaffected 
side.  
Several mechanisms may account for the impaired ability to negotiate wide 
obstacles in stroke patients. First, animal experiments have pointed at the 
importance of the primary motor cortex for the production of visually controlled, 
voluntary gait modifications (Drew, 1988, 1996). Whereas the neurophysiological 
basis for human gait modification is less clear, damage to cerebrospinal pathways, 
e.g. following a cerebrovascular accident, may impair visuomotor coordination and 
result in a reduced ability to negotiate obstacles during gait. Indeed, the actual 
crossing manoeuvre may require real time modifications of swing limb flexor 
activity (Patla et.al, 1991) and support limb extensor activity, as well as adjustments 
in ipsilateral and contralateral propulsive forces (cf. Varraine et al. 2000). This may 
be difficult to implement for persons with stroke, since knee flexion during the 
swing phase, hip extension during the stance phase (Knutson and Richards, 1979) 
and the amount of vertical push off force (Carsloo at. al 1974) are often reduced in 
these patients. 
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 Second, it has been shown that general slowness of information processing is 
one of the most prominent cognitive deficits associated with stroke (Hochstenbach 
et al., 1998) with up to 70% of the assessed patients showing signs of mental 
slowness. In addition, several reaction time studies have pointed out that the 
increased visuomotor decision time found in stroke patients forms a major 
component of the increased total response time observed for these subjects 
(Gerritsen et al., 2003, Dee and van Allen, 1971). Such cognitive impairments may 
have played a role in the impaired ability of hemiplegics to negotiate obstacles, 
especially when time pressure is high and fast locomotor responses are required.   
An interesting observation in this study was that the number of failures at 
the unaffected side was relatively high, and did not differ significantly from the 
failure rate observed at the affected side. This result seems to be in accordance with 
Said et al. (1999) who failed to find a statistically significant difference in failure 
rates between the affected and the unaffected leg, despite a trend that was found 
for the affected, leading leg to show more failures. Several mechanisms may 
account for the high failure rates that were found on the unaffected side in stroke 
patients. First, when the obstacle is crossed with the unaffected leg, the impaired 
weight bearing capacity of the affected will be stressed. This possibly leads to 
problems in the maintenance of dynamic balance, particularly when stride duration 
has to be prolonged in order to step over the obstacle, resulting in increased failure 
rates for the unaffected leg.  Second, muscle weakness may have been present on 
the unaffected side. there have been several reports in the literature showing that 
primary motor impairments are present on the so- called ‘unaffected’ side of 
hemiparetic stroke patients. For instance, muscular weakness has been reported for 
the unaffected lower limb (Watkins et al., 1984) as well as for the unaffected upper 
limb (Desrosiers et al., 1996). Finally, the coordinative reorganization that is 
required during unilateral obstacle avoidance may depend on bilateral cortical 
involvement. In a recent study by Debaere et. al (2001), it was shown that the 
performance of coordinated movements between the unaffected upper and lower 
extremity is impaired in stroke patients. This indicates that control of interlimb 
coordinative patterns may require the coupled activity of two intact  hemispheres. 
This may be important with respect to spatiotemporal flexibility in walking, because 
successful adjustments of the stepping pattern can only be attained through a 
strong coordinative coupling of leg movements. Because the level of performance 
during adaptive gait tasks depends on the coupled neural control of the perturbed 
and the unperturbed leg, unilateral perturbations of gait will inevitably lead to a 
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bilateral reorganization of the movement pattern. Future analysis of 
electromyographic data may further clarify the changes in motor patterns involved 
in such adaptive reorganizations, and how neuromuscular strategies differ between 
healthy subjects and persons with hemiplegia. 
 
Stepping strategies 
With regard to the stepping strategies that were used to cross the obstacle, it was 
found that stroke patients as well as controls generally preferred a lengthening of 
the step to cross the obstacle. It has been suggested by Patla et al. (1999) that in 
young adults the preferred stepping strategy serves to minimize alterations in the 
normal gait trajectory and tries to secure dynamic equilibrium. When the alternative 
landing area of the foot has to be chosen in the line of progression, subjects are 
likely to choose the stepping strategy that minimizes the amount of foot 
displacement relative to the normal landing area, whereas for comparable amounts 
of foot displacement, lengthening is generally preferred over shortening of the step. 
The results from the present study generally confirm these ideas, showing that the 
choice of an alternate foot landing area is not random, and that there is a clear 
relation between the amount of required foot displacement and the preferred 
stepping strategy. However, in patients as well as in controls, the bias towards 
lengthening of the step was much stronger than would be expected on the basis of 
a minimal foot displacement criterion alone, i.e. the lengthened step was the 
dominant step even if this entailed a much larger amount of foot displacement.  
The present findings on stepping strategies are in line with results obtained 
in healthy elderly. Weerdesteijn et al., (2001), showed that elderly subjects had a 
strong preference for lengthening of the step even if shortening of the step would 
be spatially more efficient. This suggests that minimisation of foot displacement 
may not be the sole principle for determination of the stepping strategy, and that 
this criterion is subordinate to a more general attempt to minimise the net 
perturbing effect of the obstacle. During shortening of the step, the foot is placed 
in front of the obstacle, while the center of mass continues to move forward over 
the base of support. Next, the displacement of the head-arm-trunk system requires 
quick initiation of the actual crossing step in order to lengthen the base of support, 
and to prevent the subject from falling. Such movements are motorically complex 
and pose a greater risk to dynamic balance than merely lengthening the perturbed 
step. This may explain why stroke subjects relied more on the lengthening strategy 
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in an attempt to reduce risk of contact with the obstacle or the tendency to fall, 
even at the cost of spatial efficiency.  
Another potential explanation for the bias towards step lengthening, 
especially in stroke patients, is that, during the lengthened step, the crossing leg will 
be in a leading position and that visual information on the crossing leg will be 
available continuously. In contrast, shortening of the perturbed step will generally 
result in a situation in which the crossing leg will be in a trailing position, so that 
visual information will not, or only partly, be available. This will make a lengthened 
step possibly easier to implement, especially for subjects whose problems in 
postural control and movement regulation have made them more dependent on 
visual information.  
In this context, it is important to note that a direct comparison between the 
Patla et. al study (1999) and the present study is rather difficult because of some 
important differences in the protocol and experimental setup between both studies. 
First, the present experiment was carried out on a treadmill, whereas the 
experiments of Patla et al. addressed overground walking. Indeed, the treadmill may 
have contributed to the bias that was found towards lengthening of the step, 
because during shortening of the perturbed step, the base of support is ‘pulled’ in 
the posterior direction by the moving treadmill surface, relative to the centre of 
mass. This makes the execution of a shortened crossing step more complex, which 
may partly explain why both patients and healthy subjects generally preferred 
lengthening of the step. In addition, the preference for step lengthening may also 
be related to the wider range of possibilities offered by stepping in the space behind 
the obstacle as compared to stepping inside the narrowing gap between the 
approaching obstacle and the ipsilateral foot. This is perhaps a less efficient strategy 
but it is easier in terms of precise planning of landing since the treadmill surface 
behind the obstacle is larger than it is in front of the obstacle. Second, the Patla et 
al study utilized light spots instead of a three dimensional object. The physical 
object that was used in the present study has different behavioral consequences (e.g 
stumbling) than a two dimensional light spot. As a consequence, safety issues may 
have played a more prominent role in the present experiment, e.g. with respect to 
the preferred stepping strategies. 
 
Spatiotemporal stride characteristics 
As was expected, subjects showed an increase in stride length during successful 
lengthening trials. However, the relative amount of lengthening that was used for 
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the crossing stride differed between the three groups that were assessed. Whereas 
in healthy controls and subjects in stroke group S1 the amount of extra stride 
length that was used amounted to 27% en 37% respectively, for stroke group S2 
the amount of lengthening was as high as 131%. Since this difference was found 
solely for the more slowly walking subgroup of patients, this raises the question 
whether it can be explained as a simple speed effect instead of an effect of stroke. 
Although characteristics of the crossing and post crossing stride were normalized 
with respect to pre crossing values, walking speed may have affected crossing and 
post crossing stride characteristics indirectly. Because lower walking speeds are 
generally associated with smaller stride lengths (Grieve & Gear, 1966), a potential 
explanation for the excessive increase in crossing stride length in S2 may be sought 
in the smaller stride length used by these subjects during normal, unperturbed gait. 
When faced with identical spatial constraints, the relative increase in stride length 




















Figure 6 Typical examples of the stepping pattern of a patient and a control subject. Length and 
duration, and the normalized length and duration (between brackets) are given for the normal 
stride (A), the crossing stride (B), and the post crossing stride (C). ART’s were comparable for 
both subjects (650 and 630 milliseconds for the patient and control subject, respectively). 
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stride preceding obstacle presentation. As a consequence, for people with smaller 
pre crossing stride lengths, the relative amount of lengthening required to cross the 
obstacle is likely to be larger. Indeed, the mean normal stride length in group S2 
was 403 mm, which is substantially smaller than the 840 mm and 786 mm that was 
found for stroke group S1 and controls, respectively. Therefore, the relative 
magnitude of the required step modification was larger for patients in group S2. 
This may have urged patients in group S2 to increase the length of their stride by a 
substantially greater amount, in order to cross the obstacle successfully. This idea is 
illustrated in figure 6, where stride length and duration are plotted for a typical 
patient and a typical control. From this figure it becomes clear that, in the stroke 
subject, a smaller unperturbed stride length corresponds with a much larger 
percentual increase in crossing stride length and duration than in the control 
subject. However, the absolute crossing stride length and stride duration compare 
quite well between both subjects, possibly because the crossing stride length is 
strongly constrained by the length of the obstacle. 
Apart from the relation between the unperturbed stride length and the length 
of the obstacle, these remarkable increases in crossing stride length may also reflect 
adaptations of a strategic nature. Excessive lengthening of the stride may have been 
used to achieve larger horizontal foot clearance during landing. This strategy can be 
used to reduce the risk of contact with the obstacle by persons that are not able to 
precisely control the landing position of their crossing foot. The percentage 
increase in duration of the crossing stride was not proportionate to the amount of 
increase in stride length. Increases in duration were observed of 51, 13, en 15% in 
S2, S1, and controls respectively. This finding is in line with results from Varraine 
et al., (1999) showing that, during voluntary changes made in the length of the 
stride, stride duration remains relatively constant. Together with the present results, 
these data seem to suggest that the rhythm of gait is a basic parameter which is kept 
as constant as possible (see also Dietz et. al 1994). Because the percentage increase 
in stride length exceeded the percentage increase in duration, an increase in 
crossing stride velocity could be observed. For the S2 group, the increase in stride 
velocity was 43%, which is substantially higher than the 14 and 15% that were 
found for group S1 and controls. Irrespective of whether these results can be 
ascribed to a direct effect of stroke or to an indirect effect of walking speed, they 
show that for the more slowly walking stroke group, obstacle avoidance required a 
proportionally high degree of instantaneous adjustments in their gait pattern. 
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Evidently, gait  speed is an important determinant of task complexity in 
adaptive gait tasks. In order to enable us to match as many patients as possible 
without having to compromise gait speed too much for the control group, the 
default speed was set to 0.56 ms-1. In a review of the stroke literature Olney and 
Richards (1996) reported that the average speed in patients ranged from 0.23ms-1 to 
0.73ms-1, so the currently used treadmill speed (0.56 ms-1) represents the stroke 
population rather well. However, this speed is well below the average speeds that 
have been reported in healthy elderly (0.80 to 1.52 ms-1 in females, 0.81 to 1.61 in 
males; Perry, 1992) so that it may have been experienced as artificially slow by our 
controls. When walking speed is decreased, demands in terms of postural control 
increase, as well as the time is spent in the single support phase, especially during 
the lengthened crossing stride. Therefore, it can be argued that, in the present task, 
low walking speeds do not necessarily coincide with decreased task complexity. The 
very slow walking speeds that were employed by the more severely affected group 
S2 did in fact show a larger mean increase in the duration of the crossing stride 
(51% for S2, vs 13% en 15% for S1 and controls respectively). As a result, this may 
have increased the demands on postural control in this group, in addition to the 
problems in weight bearing capacity in the limb during the single support phase. 
This could explain the relatively high failure rates found for this group despite their 
very low gait speeds. 
Walking on a treadmill requires that the distance traversed per time unit is 
kept more or less constant over subsequent steps. Therefore, changes made in the 
length of the stride (as in the lengthened crossing steps), may require spatial and/or 
temporal corrections during subsequent steps in order to maintain an 
approximately constant position on the moving treadmill surface. Arguably, the 
amount of spatiotemporal compensation that was observed in the post crossing 
stride) can be interpreted as an indication of the effective magnitude of the gait 
perturbation and the level of motor flexibility present in the subject to adapt to this. 
In controls and in stroke group S1, the post crossing stride length was almost 
instantaneously restored to normal values, indicating that for these persons stride 
length modifications are easily incorporated into the ongoing stepping pattern. 
Quite in contrast, in stroke group S2, the increases in length, duration, and velocity 
that were observed during the crossing stride, led to marked changes in the 
spatiotemporal organization of the post-crossing stride. The significantly smaller 
relative length and greater relative duration of the post crossing stride that was 
found shows that, in this subgroup of patients, the time window that was used to 
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settle into the normal walking rhythm was larger than in controls. Following 
excessive lengthening of the stride during obstacle crossing, forward momentum in 
the leading leg will be rapidly decreasing, especially given the very slow walking 
speeds employed by the patients in this subgroup. As a consequence, more 
mechanical work has to be delivered by both the trailing and the leading limb to 
progress the body over the leading stance limb. This may be too difficult a task to 
perform in the light of reduced muscular strength and problems in the maintenance 
of dynamic balance, commonly associated with hemiplegia. 
 
Conclusions 
Unilateral cortical damage results in an impaired ability to avoid obstacles at both 
sides of the body. During successful obstacle avoidance trials, stroke patients 
lengthen their steps more often than controls, which may reflect an attempt to 
reduce movement complexity, even when a shortening of the step would be 
spatially more efficient. For a subgroup of more severely affected and more slowly 
walking patients, the execution of these lengthened steps led to larger disturbances 
in the locomotor rhythm than in controls. These results suggest that the ability to 
adequately modify the stepping pattern in response to imposed spatiotemporal 
constraints, is impaired in persons with stroke, especially when modifications have 
to be performed under time pressure.   
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This thesis addresses the temporal structure of gait related muscle activity in 
patients with post stroke hemiparesis. The main goal of the studies presented here 
was to provide information on the patterning of muscle activity in the lower 
extremities and on how these patterns change over the course of gait recovery. It 
was found that the temporal patterns of muscle activity associated with hemiplegic 
gait show a number of abnormalities, particularly during the stance phase, in the 
paretic as well as in the non-paretic leg (chapter 3). Despite clear improvements in 
the gait ability of patients during the subacute phase of stroke, the global temporal 
characteristics of muscle activity did not change, not even in patterns that were 
classified as ‘abnormal’ early after inclusion (chapter 4). However, the stride to 
stride consistency in the production of neuromuscular patterns may increase during 
subacute rehabilitation, most notably in de paretic BF (chapter 5). These results 
suggest that aberrant patterns of muscle activity develop early after stroke, that the 
global temporal characteristics of these patterns are stable over the course of 
recovery, and that patients may learn to produce these patterns with a greater 
consistency. 
 
1. Altered temporal control of muscle activity following stroke 
Chapter 3 showed that the patterning of gait related muscle activity in a number of 
important muscle groups of stroke patients differs from those observed in healthy 
persons. For a good understanding of the altered neuromuscular control after 
stroke, we need to know which mechanisms play a role in the development of these 
patterns, and whether or not patterning abnormalities impair gait ability in post 
stroke hemiparesis. 
A possible explanation for the temporal abnormalities that were found in the 
muscle activity patterns in patients with stroke is that hemiparesis involves a 
neuromuscular timing disorder for gait. Although the role of higher cerebral centers 
in human gait is still poorly understood, experimental studies on cats indicate that 
locomotor centers of the brain are likely to be important for the initiation and 
termination of gait, as well as for the voluntary modification of ongoing gait activity 
(Drew et al., 2004). However, for cats and primates alike, there are as yet no 
indications that the cortical areas involved in walking play a major role in the 
temporal regulation of gait related muscle activity. On the other hand, there is 
general agreement that task-specific neural networks in the spinal cord are much 
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more important for the basic phasing of gait related muscle activity (See Duysens 
and van de Crommert (1998), van de Crommert et. al (1998) for reviews).  
Although there is no evidence that the temporal regulation of human 
locomotor activity involves a 'cerebral conductor' to keep time, stroke induced 
damage to cortical gait centers may have indirect effects on timing control through 
alterations in the gain of spinal reflexes. Reflexes are important for updating 
ongoing muscle activity with instantaneous information on joint positioning and leg 
loading, and therefore play a crucial role in the temporal organization of gait (see 
Duysens et al. (2000), Dietz (2002), and Zehr and Duysens (2004) for reviews). 
Alterations in the gain of these reflexes (e.g. through disinhibition of central 
pathways) results in spasticity, which is often considered to be one of the main 
sources of temporal disregulation in stroke (Perry, 1978, 1993; Lamontagne et al., 
2001; Burridge et al. 2001) and other neurological diseases (see Dietz (2001) for a 
review).  
Another potantial source of timing abnormalities are the secondary adaptive 
strategies that are used by patients to attain locomotor tasks goals when faced with 
primary impairments in muscle force output. In principle, the task structure 
contained in walking does not prescribe one single neuromuscular solution, and 
numerous configurations of muscle activity can result in functionally equivalent gait 
movements (cf. Gelfand and Latash, 1998). This abundance of locomotor solutions 
can be exploited to optimize gait performance in response to changes in the 
neurological, physiological, and biomechanical constraints of gait. The proper 
selection of adaptive patterns involves the development of neuromuscular 
preferences that are appropriate for given sets of constraints. As such, adaptation 
represents a general feature of neuromuscular organization in both healthy and 
pathological gait, with different set of constraints leading to different 
neuromuscular timing preferences. 
Following stroke, decreased muscle force output, increased stiffness and 
altered biomechanical properties (e.g. due to lower walking speeds) may necessitate 
a change in coordinative preferences. Indeed, a number of aberrations that have 
been reported in hemiparetic gait may be related to optimization strategies. For 
instance, the prolonged activity of quadriceps and hamstring muscles during stance 
(Hirschberg and Nathanson, 1952; Peat et al., 1976; Knutson and Richards, 1979; 
Shiavi et al., 1987; Buurke, 2005; chapter 3, this thesis) is likely to be related to a 
neuromuscular preference in which muscles of the upper leg assist the calf muscles 
in the supply of support. In this context it is interesting to note that similar 
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abnormalities have been observed in persons with neuropathic diabetes (Kwon et 
al., 2003), spinal cord injury (Leroux et al, 1999), and in toddlers (Okamoto et al. 
2003). In case of premature calf muscle activity during stance (Perry, 1978, 1993; 
Knutson and Richards, 1979; chapter 3, this thesis), a sign that is commonly 
associated with the presence of disinhibited stretch reflexes, it is unclear whether it 
is directly related to spasticity or whether it reflects an adaptive strategy that is used 
to prevent foot collapse when landing in a plantarflexed position (see Perry et al., 
(2003) for similar observations in habitual toe walkers). 
To summarize, the abnormalities that are found in the temporal patterning 
of muscle activity are most likely to be related either to the disinhibition of reflexes 
or to secondary adaptive mechanisms rather than to a locomotor timing disorder. 
An important question is whether these timing abnormalities impede gait 
performance. Because neuromuscular adaptations are developed to accommodate 
locomotor task demands under different sets of constraint they are expected to 
optimize rather than to impede gait performance. However, premature 
development of such strategies may get in the way of further recovery and the 
development of new (i.e. more optimal) adaptive preferences. The role of spasticity 
related timing abnormalities is less clear. Despite clinical emphasis on the reduction 
of spasticity to promote gait ability, clear empirical support for the assumption that 
spasticity impedes gait function is still lacking (Ada et al., 1998; Vattanasilp et al., 
2000). In fact, it has been suggested that the more simple regulation of muscle 
tension associated with spasticity can be advantageous for patients because it may 
help them to maintain support during the stance phase (Dietz, 1999, 2003). In 
conclusion, there is as yet no convincing empirical evidence showing that muscular 
timing abnormalities impair gait performance in hemiplegic walkers. Further 
support for the idea that timing abnormalities are not causally related to gait 
dysfunctions was presented in chapter 4 of this thesis, which dealt with the 
patterning of muscle activity during gait recovery in the subacute phase of stroke. 
Although gait ability increased quite dramatically over time, no systematic changes 
could be detected in the temporal layout of gait related muscle activity. This finding 
will be discussed in more detail in the following section. 
 
2. The patterning of muscle activity during gait recovery in the subacute 
phase 
The study described in chapter 4 shows that the gross temporal structure of gait 
related muscle activity does not change during the subacute phase of stroke despite 
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substantial improvements in terms of body mobility, ambulatory independence, and 
maximum gait speed. How can these results be explained? In order to better 
understand why the gross temporal patterning of muscle activity does not change 
during recovery, I will first try to make clear why particular interventions are 
successful in modifying the temporal patterning of gait related muscle activity. 
In chapter 1 and in the previous paragraph it was argued that patterns of 
muscle activity (denoted as ‘neuromuscular preferences’) develop in the interplay 
between an invariant locomotor task set, and a set of constraints that is imposed 
upon possible coordinative solutions. One implication of this idea is that alterations 
in the temporal patterning of activity can be induced by changing the neurological, 
physiological or biomechanical constraints of walking. Indeed, several studies have 
shown that changes in the muscular patterning of hemiparetic subjects can be 
realized e.g. by constraining the range of ankle motion by means of an orthosis 
(Hesse et al., 1999; Geboers et al., 2002), by surgically altering muscle length 
(Buurke et al., 2004), or by reducing muscle force output through neurolytic 
intervention (Hesse et al., 1996). These studies show that rather immediate changes 
in neuromuscular patterning can be brought about by directly interfering with the 
biomechanical or physiological properties of the walker.  
Studies on the time course of motor recovery generally agree that the major 
portion of physiological recovery occurs within the first 6 weeks after stroke, 
although functional improvements have been reported up to 2 years after stroke 
(Richards and Olney, 1996). During this early period the development of muscle 
function stabilizes, although this does not exclude that some further improvements 
can be made during later phases of recovery. Therefore, it can be assumed that the 
primary (neuro-)physiological and biomechanical determinants of gait are 
established during the early phase post stroke. Consequently, the temporal patterns 
of muscle activity are not likely to undergo any major changes beyond this period.  
However, because changes in gait function cannot be established without 
alterations in neuromuscular control, this raises the question what aspects of 
muscle control are subject to change during recovery. There is evidence to show 
that alterations in important gait parameters can be realized by a local scaling of the 
amplitude of activity within a stable temporal organization. Recent studies have 
pointed out that substantial changes in gait speed (Hof et al., 2002; chapter 2, this 
thesis) and body loading (Ivanenko et al., 2004) do not alter the basic temporal 
layout of muscle coordination, showing that a single stereotyped temporal structure 
may be sufficient for a wide range of parameter settings. In line with this notion, it 
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can be assumed that recovery related changes in the quality of the gait pattern are 
not necessarily associated with a reorganization of the gross temporal coordination 
of muscle activity, and that local tuning of the amplitude of activity perhaps plays a 
more important role in establishing improved gait function. 
One of the conclusions from the study presented in chapter 4 is that the 
abnormal temporal patterns that are observed in hemiparesis develop early after 
stroke, probably within the first 6 weeks post stroke. In fact, it can be hypothesized 
that such temporal reorganizations take place almost immediately after stroke. They 
may occur already during the first steps that are made post stroke, as an emergent 
property of the coupled activity of leg muscles that participate in a single, 
locomotor specific, coordinative structure. A general characteristic of motor 
learning is that gross approximations of newly learned patterns develop in the early 
phases of learning, and that the major portion of skill learning is concerned with 
the further optimization of this pattern and with the reduction of trial to trial 
variability (Lee et al., 1995; Wenderoth and Bock, 2001). In line with this, we 
hypothesized that gait recovery is associated with a decrease in the stride to stride 
variability of muscle activation patterns. The results described in chapter 5 provide 
support for this idea. The typical pattern of prolonged stance activity of the Biceps 
femoris that has been reported on several occasions in the literature (Hirschberg 
and Nathanson, 1952; Peat et al., 1976; Knutson and Richards, 1979; Shiavi et al., 
1987; Buurke, 2005; chapter 3, this thesis) showed a significant linear reduction in 
the stride to stride gain (i.e. amplitude) variability of the pattern over the course of 
recovery, despite the fact that the global temporal characteristics remained 
unaltered. These results suggest that gait recovery in hemiparetic stroke is 
associated with the more consistent production of newly formed neuromuscular 
patterns, and not with the construction of these patterns per se. 
It is useful to point out a few potential limitations of the studies on gait 
recovery presented in this thesis. The results that have been described in chapters 4 
and 5 do not exclude that changes in lower extremity muscle activity did in fact take 
place during gait recovery. There is evidence that recovery is associated with 
increases in the force output of muscles (Buurke, 2005) suggesting that increases in 
the amplitude of muscle activity may have occurred over the course time. 
Obviously, due to the analytical strategy used (dichotomization of the signal to 
quantify temporal characteristics) such changes would have been missed. However, 
multi-session comparisons of EMG amplitude is difficult due to possible variations 
in electrode placement, properties of the skin tissue, and environmental conditions.  
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Another limitation concerns the continuous nature of neuromuscular coordination 
and the methods used to describe the temporal coordination of muscle activity. As 
in the majority of studies on the patterning of muscle activity, local variations in the 
variance of the electromyographic signal are estimated by means of step functions:. 
muscles are supposed to be either 'on' or 'off'. Clearly, such a dichotomization of 
the signal is a gross abstraction in which potentially valuable information on the 
continuous nature of muscle activity  is lost. Intermuscular coordination does not 
involve timekeeping of discrete neuromuscular events, but is a continuous process 
in which the force levels generated by individual muscles are weighed continuously 
to produce the adequate joint moments necessary to accommodate time varying 
task demands. Future development of analytical techniques that are able to capture 
the continuous nature of multichannel electromyographic signals may lead to a 
more precise view of the muscle coordination that underlies gait. New approaches 
may also include the use of inverse dynamics to better understand the nature of gait 
impairments and the role of adaptive processes in the formation of neuromuscular 
patterns in hemiplegic gait. 
 
3. Clinical implications 
A clinically important question is whether treatment aimed at the re-acquisition of 
gait ability should attempt to modify the temporal structure of gait related muscle 
activity. Evidently, ‘treatment’ of the temporal coordination of muscle activity will 
only be fruitful if temporal abnormalities are causally related to gait impairments. 
As was pointed out in the first paragraph of this chapter, there is as yet no evidence 
to support the idea that temporal abnormalities in muscle activity patterns are an 
important cause of gait problems, indicating that changing the gross temporal 
coordination of muscle activity should not be an important goal in rehabilitation. 
Instead, therapeutic efforts should be focused on changing the (physiological or 
biomechanical) constraints of gait coordination which, in turn, may (or may not) 
result in a changed temporal structure of gait related muscle activity.  
As was stated in chapter 1 of this thesis, the majority of clinical interventions 
in gait rehabilitation is aimed at changing the control processes that underlie gait 
coordination. The formation of coordinative patterns is constrained by 
biomechanical, physiological, and neurological factors, and changing these 
constraints provides clinical opportunities to alter coordinative control. 
Biomechanical interventions (e.g. the prescription of orthoses, the use of walking 
aids), surgical interventions (e.g. split anterior tibial tendon transfer, hamstring 
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lengthening), neurochemical interventions (e.g. botulinum toxin, phenol) are 
examples of effectively altering constraints which may result in changed gait control 
and better gait performance. An important role for physiotherapy is to effectively 
incorporate these altered constraints into new coordinative patterns by means of 
intensive and supervised gait training.  
The results reported in chapter 5 provided evidence for the idea that 
recovery during the subacute phase of stroke is associated with the automatization 
of newly developed patterns of muscle activity. Because the speed of 
automatization of patterns is a function of repetition frequency, training intensity 
may be an important factor in the development of more a automatic production of 
neuromuscular patterns. In addition, because optimization and automatization of 
motor patterns can only occur when pattern specific efferent and afferent 
information is available, more consistent production of locomotor patterns can be 
promoted through task specific training. These ideas are in line with clinical studies 
that show that outcome is positively correlated with training intensity and that task 
specific training results in better outcome than non task specific training (see van 
Peppen et al. (2004) for a review). 
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Supratentorial stroke may cause weakness or paralysis on the side contralateral to 
the lesion. As a consequence, functional motor tasks like walking may become 
difficult or impossible. Because mobility represents a key aspect of independent 
functioning in daily life, much time and clinical effort is aimed at the restoration of 
gait following stroke. To obtain optimal treatment results, it is important that the 
effectiveness of interventions is empirically established and that new treatment 
strategies are firmly grounded in generally accepted (neuro-) physiological and 
biomechanical principles of walking. Because the defining feature of hemiparesis 
relates to the impaired functioning of muscles, dynamic electromyography may 
provide important information on the control of hemiparetic gait. An important 
aspect of electromyographic profiles obtained during walking is the timing of 
muscle activity. At each moment of the gait cycle, the amplitude of muscle activity 
has to be adapted to momentary task demands (e.g. the supply of body support 
during stance, foot clearance during swing, etc.). As a consequence, each muscle 
involved in the production of gait shows its own stereotyped temporal pattern. We 
know from earlier studies that the patterns of gait related muscle activity in persons 
with hemiparesis is often characterized by an abnormal temporal structure. This 
thesis is primarily concerned with these particular abnormalities: what are their 
origins, do they affect gait function, and do they change over the course of gait 
recovery? The studies that are described in this thesis attempt to contribute to a 
better understanding of the causes of gait problems in hemiparesis and how 
patients to manage to optimize gait performance when muscle function is impaired. 
Furthermore, these studies may help to decide whether the treatment of gait 
impairments should be concerned with altering the temporal patterning of muscle 
activity. 
 Because a large portion of the hemiparetic population walks at abnormally 
slow speeds, an adequate interpretation of EMG patterns in this group requires 
insight into the mechanisms of speed regulation on the lower end of the gait speed 
continuum. Therefore, chapter 2 reports on the effects of very slow gait speeds on 
the neuromuscular patterning in a group healthy young adults. Extreme reductions 
in walking speed may cause changes in locomotor task demands that may 
eventually result in modifications of the patterning of muscle activity that underlies 
walking. The aim of the present study was to investigate patterns of lower limb 
muscle activity when gait speed was varied systematically from normal speeds to 
almost standing still, and to investigate the neuromuscular gain functions that 
reflect the phase dependent effects of walking speed on EMG amplitude. Nine 
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healthy young adults walked at seven different walking speeds (1.39, 0.83, 0.28, 
0.22, 0.17, 0.11, and 0.06 m s−1) while EMG was recorded from eight lower 
extremity muscles. Results showed that the phasing of muscle activity remained 
relatively stable over walking speeds despite substantial changes in its amplitude. 
However, between 1.39 and 0.28 m s−1, epochs of Rectus femoris, Biceps femoris 
and Tibialis anterior activity were found that were typical for defined speed ranges. 
When walking speed was decreased further (form 0.28 m s−1 to 0.06 m s−1), negative 
gain values were found in Peroneus longus during midstance and Rectus femoris in 
late swing, indicating the emergence of new bursts of activity with decreasing 
walking speed. It is proposed that these extra activities may be attributed to 
increased demands on postural stability during stance, and the altered dynamics of 
the swinging limb at very slow speeds. 
 Following hemiparetic stroke, the temporal ordering of lower extremity 
muscle activity during gait often undergoes radical changes. Although several 
studies have dealt with the identification of abnormalities in neuromuscular 
patterning, the majority of these studies used either visual inspection or unreliable 
numerical methods (e.g. threshold detection) to evaluate the temporal 
characteristics of EMG patterns. Chapter 3 describes a study in which the duration 
of activity in Biceps femoris (BF), Rectus femoris (RF), Tibialis anterior (TA) and 
Gastrocnemius medialis (GM) was quantified for 4 subphases of the gait cycle (first 
double support phase (DS1), the single support phase (SS), the second double 
support phase (DS2) and the swing phase (SW)) and compared between 24 
hemiparetic stroke patients and 14 healthy controls. Periods of muscle activity and 
inactivity were identified by means of cluster analysis of the filtered and rectified 
EMG signal. In the upper leg, durations of BF and RF activity during SS were 
significantly longer on the paretic side (70% for BF, and 78% for RF) as well as on 
the nonparetic side (71% for BF, and 81% for RF), when compared to controls 
(45% and 53% for BF and RF, respectively). As a result, the duration of BF-RF 
coactivity during SS was longer in both legs of patients with stroke (61% in the 
paretic and 62% in the nonparetic leg) relative to control values (25%). In addition, 
during DS1 of the paretic leg, the total amount of BF-RF coactivity was abnormally 
long (82% vs 57% in controls). In the lower leg, longer total durations of GM 
activity were found during DS1 on the paretic side in people with stroke (51%) 
than in controls (38%). In the paretic TA, longer durations of activity were 
observed during SW (73% vs 60% in controls), whereas smaller total durations of 
activity were found during SS (28% vs 48% in controls). No statistically significant 
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differences were  found between the paretic and nonparetic leg within patients, 
except for the mean total duration of TA activity during DS1 (50% and 69% for 
the paretic and nonparetic leg, respectively). Overall, these results suggest that, 
despite large interindividual differences, some  common abnormalities can be 
observed in the temporal layout of muscle activity and coactivity associated with 
hemiparetic gait. Although these disturbances are more pronounced in the paretic 
leg, muscle activation patterns of the nonparetic leg also display some clear 
abnormalities. 
 The objective of the study described in chapter 4 was to establish whether 
functional recovery of gait in patients with post-stroke hemiparesis coincides with 
changes in the temporal patterning of lower extremity muscle activity and 
coactivity. To this end, electromyographic (EMG) data from both legs, maximum 
walking speed, the amount of swing phase asymmetry and clinical measures were 
obtained from a group of hemiparetic stroke patients during their postacute 
rehabilitation, as early as possible after admission in a rehabilitation centre (mean 
time post stroke 35 days) and 1, 3, 6, and 10 weeks later. EMG data from the first 
assessment were compared to those obtained from a group of healthy controls to 
identify abnormalities in the temporal patterning of muscle activity. Within subject 
comparisons of patient data were made over time to investigate whether functional 
gait recovery was accompanied by changes in the temporal patterns muscle (co-
)activity. EMG patterns during the first assessment showed abnormally long 
durations of activity in the paretic biceps femoris (BF), in the rectus femoris (RF) 
of both legs during the single support (SS) phase, and for the paretic gastrocnemius 
medialis (GM) during the first double support phase (DS1). In addition, the 
duration of BF-RF coactivation was longer on the paretic side than it was in 
controls. Over time, the level of ambulatory independence, body mobility, and 
maximum walking speed increased significantly, indicating that substantial 
improvements in gait ability occurred. Despite these improvements, durations of 
muscle (co-) activity and the level of swing phase asymmetry did not change during 
rehabilitation. More specifically, timing abnormalities in muscle (co-)activity that 
were found during the first assessment did not change significantly, indicating that 
these aberrations were not an impediment for functional gait improvements. 
 From chapter 4, it can be concluded that modification or normalization of 
the temporal patterning of gait related muscle activity in the lower extremities is not 
a  prerequisite for functional recovery of gait in patients with post stroke 
hemiparesis. As a consequence, modification of the temporal coordination of 
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muscle activity during gait should not be regarded an important clinical goal during 
post-acute rehabilitation. Physiological processes other than improved temporal 
muscular coordination, such as the increase in muscle force output, must be 
important determinants of  the restoration of ambulatory capacity after stroke.   
 Despite these findings, it cannot be excluded that recovery related changes in 
neuromuscular patterning may be evident in other measures than the mean 
duration of muscle activity within defined gait phases. More specifically, it was 
hypothesized that gait recovery is associated with the automatization of newly 
formed patterns rather than with the formation of new temporal patterns during 
gait, and that recovery results in a more consistent production of neuromuscular 
patterns. A study to test this hypothesis is described in chapter 5. In this study, 
principal component analysis was used as a data filtering method to investigate the 
stride to stride variation in the gain (i.e. scaling of the amplitude) of muscle activity 
patterns, and the stride to stride residual variability (i.e. random fluctuations in 
amplitude and phase shifts), of Biceps femoris (BF), Rectus femoris (RF), Tibialis 
anterior (TA) and Gastrocnemius medialis (GM), of both legs in 14 ambulant 
hemiparetic stroke patients and 15 controls. Patients were assessed early after 
admission to a rehabilitation center (on average 35 days post stroke) and 1, 3, and 6 
weeks later. The results showed that, at the time of the first gait assessment, the 
amount of stride to stride gain variability as well as the residual variability of BF 
was abnormally high compared in both legs, compared to the control group. Over 
time, clear improvements were made in general body mobility, ambulatory 
independence and maximum walking speed, indicating that recovery of gait had 
occurred. Over the course of recovery, a significant decrease in global pattern 
variability was found in the paretic BF, indicating smaller variations in the gain of 
activity patterns for this muscle. For the other muscles that were studied, no 
recovery related decreases were observed in either the gain variability or the residual 
variability of muscle activity patterns. These findings provide support for the idea 
that temporal patterns of gait related muscle activity are established early after 
stroke and that recovery of gait is associated with the automatization of these 
patterns resulting in a decrease in the stride to stride variability of neuromuscular 
pattern production during gait. 
 The majority of gait studies on hemiplegic gait have dealt with simple gait 
tasks in which patients are required to walk ‘from a to b’ on a straight walkway, or 
to walk a defined time or distance on the treadmill. Obviously, walking in the real 
world entails more than walking straight and unperturbed trajectories, and future 
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research should address the adaptability of hemiparetic walking under more 
complex conditions. Chapter 6 of this thesis describes a study on adaptability of 
spatiotemporal stride parameters in a group of stroke patients. Whereas several 
animal studies have indicated the important role of the motor cortex in the control 
of voluntary gait modifications, little is known about the effects of cortical lesions 
on gait adaptability in humans. Obstacle avoidance tasks provide an adequate 
paradigm to study the adaptability of the stepping pattern under controlled, 
experimental conditions. In the present study, an exploratory assessment was made 
of the failure rate, the preferred stepping strategies (step lengthening vs step 
shortening), and the spatiotemporal stride characteristics (percentage increases in 
stride length, duration, and velocity of the crossing and postcrossing strides) during 
obstacle avoidance in 11 hemiplegic stroke patients and seven healthy controls. 
Patients were less successful in avoiding obstacles than controls (14% failure rate vs 
0.5% in controls), independent of whether the affected or the unaffected leg led the 
obstacle avoidance. The number of failed trials increased systematically when the 
available response time became shorter. During successful trials, lengthening of the 
step was generally preferred over shortening. This bias towards step lengthening 
was more pronounced in stroke patients (step lengthening in 91% of the trials vs 
75% in controls), irrespective of the side of obstacle presentation. For both groups, 
overall strategy preference did not adhere to a principle of minimal foot 
displacement, since step lengthening was used even if it would be more spatially 
efficient to shorten the step. No statistically significant group differences were 
found for the increases in length, duration, and velocity of the crossing and 
postcrossing strides. However, for a subgroup of more slowly walking patients, 
large percentage increases were found in crossing stride length, duration, and 
velocity. Similar results were obtained for the postcrossing stride, indicating that, 
for this subgroup of patients, restoration of the normal walking cadence was more 
difficult. Overall, no systematic differences were found between the affected and 
the unaffected leg in stroke patients with respect to failure rates, stepping strategies, 
or spatiotemporal measures of obstacle avoidance. The present findings suggest 
that the ability to adequately modify the stepping pattern in response to imposed 
spatiotemporal constraints is impaired in persons with stroke, especially when 
modifications have to be performed under time pressure. In addition, the stepping 
strategies employed by subjects with stroke are different from those found in 
controls, possibly to reduce the complexity of the avoidance maneuver and to 
enhance safety. Finally, unilateral cortical damage results in an impaired ability to 
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avoid obstacles on both sides of the body, suggesting that the reduced ability of 
stroke patients to negotiate obstacles may be related to problems of a more general 
coordinative nature. 
 The main conclusion that can be drawn from this thesis is that the patterns 
of gait related muscle activity in hemiparetic stroke patients are different from 
those of healthy walkers, but that these abnormalities do not form an impediment 
for functional gait recovery. The majority of the identified abnormalities possibly 
reflect compensatory neuromuscular strategies that are developed early after stroke, 
and that may facilitate, rather than impede, gait performance. This thesis further 
showed that gait recovery may be associated with a more consistent production of 
muscle activation patterns during gait. This may indicate that the newly developed 
activation patterns are automatized over the course of gait recovery. Because 
automatization of these patterns can only develop when task specific afferent 
information is available, these findings provide indirect support for the idea that 
gait ability should be trained in a task specific manner, and with high intensities. 
Nevertheless, a number of important questions are still unanswered. Future 
research should reveal which aspects of the muscle activation patterns of 
hemiparetic walkers reflect primary impairments in neuromuscular control, and 
which aspects represent compensatory strategies. Further, studies on timing 
abnormalities in stroke should make use of more sophisticated analytical tools that 
take into account the continuous nature of EMG patterns. The customary 
reduction of EMG signals to step functions (on/off detection) may result in a loss 
of valuable information on the muscular control of gait.
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Een supratentorieel CVA (CerebroVasulair Accident) kan resulteren in spierzwakte 
of paralyse. Als gevolg hiervan kunnen patienten problemen ondervinden in 
functionele motorische taken zoals lopen. Omdat mobiliteit in belangrijke mate 
bijdraagt aan de zelfredzaamheid van de patient in het dagelijks leven wordt tijdens 
de revalidatie veel tijd en moeite besteed aan het herleren van lopen. Om optimale 
behandelresultaten te behalen is het belangrijk dat de effectiviteit van 
behandelingen empirisch is aangetoond en dat nieuwe behandelmethoden stevig 
verankerd zijn in geaccepteerde ideeen over de (neuro-) fysiologie en biomechanica 
van het lopen. Omdat het verminderde functioneren van de spieren het 
sleutelkenmerk vormt van hemiparese is in dit proces een belangrijke rol weggelegd 
voor electromyografische metingen (EMG) die gemaakt worden tijdens het lopen 
van patienten. Een belangrijk aspect van electromyografische patronen van 
cyclische bewegingen zoals lopen, is de zogenaamde ‘timing’ van de spieractiviteit. 
Op ieder willekeurig moment van de gangcyclus moet de amplitude van de 
spieractiviteit worden aangepast aan de momentane taakeisen van het lopen 
(bijvoorbeeld het bieden van steun tijdens de standfase, of het verzorgen van 
verticale ruimte voor de voet tijdens de zwaaifase). Als gevolg hiervan vertoont 
iedere spier tijdens het lopen zijn eigen stereotype aanspanningspatroon. Uit 
eerdere studies is gebleken dat de spieraanspanningspatronen van hemiparetische 
CVA patienten vaak gekenmerkt worden door een abnormale temporele structuur. 
Dit proefschrift gaat voornamelijk over deze abnormaliteiten: wat zijn hier de 
oorzaken van, op welke wijze beinvloeden zij de loopvaardigheid, en hoe 
veranderen dergelijke patronen tijdens het loopherstel? De onderzoeken die in dit 
proefschrift worden gepresenteerd willen een bijdrage leveren aan een beter begrip 
van de oorzaken van loopproblemen van hemiparetici en de wijze waarop patienten 
in staat zijn de loopvaardigheid te optimaliseren nadat de spierfunctie is aangedaan. 
Verder kunnen de beschreven onderzoeken inzicht bieden in de vraag of de 
behandeling van loopproblemen na een CVA zich zou moeten richten op het 
modificeren van de temporele spiercoordinatie. 
 Omdat een groot deel van de hemiparetische populatie op ongewoon lage 
snelheden loopt, vereist een adequate interpretatie van de aanspanningspatronen in 
deze groep inzicht in de controle-mechanismen die ten grondslag liggen aan 
snelheidsregulatie op zeer lage snelheden. Daarom heeft hoofdstuk 2 van dit 
proefschrift betrekking op de effecten van zeer lage loopsnelheden op de 
neuromusculaire patroonvorming van gezonde jonge volwassenen. Extreme 
Gait control after stroke 
Samenvatting 152 
reducties van de loopsnelheid kunnen veranderingen veroorzaken in de locomotore 
taakeisen wat mogelijk leidt tot modificaties van de spieraanspanningspatronen 
tijdens het lopen. Hoofdstuk 2 beschrijft een onderzoek waarin 
spieraanspanningspatronen worden bestudeerd op een loopband terwijl de 
loopsnelheid systematisch werd gevarieerd van normale snelheden tot ‘bijna 
stilstaan’. Hiervoor werden de neuromusculaire gain functies bepaald die de fase 
afhankelijke effecten van loopsnelheid op de amplitude van het EMG in kaart 
brengen. Negen gezonde, jonge volwassenen liepen op zeven verschillende 
snelheden (1.39, 0.83, 0.28, 0.22, 0.17, 0.11, and 0.06 ms−1) terwijl het EMG werd 
geregistreerd van acht beenspieren. De resultaten lieten zien dat de fasering van 
spieractiviteit relatief stabiel bleef over de verschillende snelheden, ondanks 
substantiele veranderingen in de amplitude. Echter, tussen 1.39 en 0.28 ms−1 
werden periodes van activiteit gevonden in Rectus femoris, Biceps femoris en 
Tibialis anterior die specifiek waren voor bepaalde snelheidsdomeinen. Indien de 
loopsnelheid verder werd teruggebracht (van 0.28 m s−1 tot 0.06 m s−1), werden 
negatieve gain-waarden gevonden in de Peroneus longus tijdens de midden 
standfase en in de Rectus femoris tijdens de late zwaaifase, wat aangeeft dat zich in 
deze spieren nieuwe bursts van activiteit ontwikkelden bij zeer lage loopsnelheden. 
Mogelijk kan deze extra activiteit worden toegeschreven aan de toegenomen 
posturale eisen tijdens de standfase en de veranderde dynamica van het zwaaibeen 
op zeer lage snelheden. 
 Zoals gezegd ondergaat de temporele organisatie van spieractiviteit na een 
CVA vaak radicale veranderingen. Hoewel verschillende studies zich hebben 
gericht op het identificeren van abnormaliteiten in de spieraanspanningspatronen 
van CVA patienten zijn de meeste resultaten gebaseerd op visuele inspectie van 
gemiddelde patronen of op gebruik van weinig betrouwbare kwantitatieve 
methoden (zogenaamde ‘tresholddetectie’). Hoofdstuk 3 beschrijft een onderzoek 
waarin de duur van activiteit van de Biceps femoris (BF), Rectus femoris (RF), 
Tibialis anterior (TA) en Gastrocnemius medialis (GM) werd gekwantificeerd voor 
vier deelfasen van de gangcyclus (eerste double support fase (DS1), single support 
fase (SS), tweede double support fase (DS2) en de zwaaifase (SW)) en werd 
vergeleken tussen 24 hemiparetische CVA patienten en 14 gezonde controle 
subjecten. Perioden van spieractiviteit en –inactiviteit werden geidentificeerd met 
behulp van clusteranalyse van het gefilterde en gelijkgerichte EMG signaal. In het 
bovenbeen werden significant langere gemiddelde duren van BF en RF activiteit 
gevonden tijdens de SS fase van zowel het paretische been (70% voor BF, en 78% 
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voor RF) als het niet-paretische been (71% voor BF, en 81% voor RF) vergeleken 
met controle subjecten (respectievelijk 45% en 53% voor de BF en de RF). Als 
gevolg hiervan was de duur van de BF-RF coactiviteit tijdens de SS fase langer in 
beide benen van CVA patienten (61% in het paretische en 62% in het niet-
paretische been) dan in controles (25%). Verder was de BF-RF coactiviteit in de 
DS1 fase abnormaal lang (82% vs 57% in controles). In het onderbeen werden 
langere gemiddelde activatieduren gevonden voor de GM tijdens de DS1 fase van 
het paretische been (51%) dan in gezonde subjecten (38%). In de paretische TA 
werden significant langere activatieduren gevonden tijdens de SW fase (73% vs 
60% in gezonden) terwijl kortere duren werden gevonden tijdens de SS fase (28% 
vs 48% in gezonden). Er werden geen statistisch significante verschillen gevonden 
tussen het paretische en net-paretische been van patienten, afgezien van de 
gemiddelde totale duur van de TA tijdens de DS1 fase (respectievelijk 50% en 69% 
voor het paretische en het niet-paretische been). Deze resultaten suggereren dat, 
ondanks grote interindividuele verschillen tussen patienten, een aantal algemene 
afwijkingen kunnen worden geidentificeerd in de temporele structuur van 
spieractiviteit en -coactiviteit tijdens hemiparetisch lopen. Hoewel deze 
abnormaliteiten duidelijker zijn in het paretische been blijkt ook de activiteit in het 
niet-paretische been een aantal duidelijke afwijkingen te vertonen. 
 Het doel van de studie zoals die beschreven staat in hoofdstuk4 was om 
vast te stellen of functioneel gangherstel bij hemiparetische patienten gepaard gaat 
met veranderingen in de temporele patronen van spieractiviteit en -coactiviteit 
tijdens het lopen. Daarom werden EMG data verzameld voor beide benen, werd de 
zwaaifase-assymetrie bepaald, en werden een aantal klinische maten afgenomen bij 
hemiparetische CVA patienten, zo vroeg mogelijk na binnenkomst in het 
revalidatiecentrum en 1, 3, 6 en 10 weken later. De EMG data van de eerste meting 
werden vergeleken met een groep van 14 gezonde controles om abnormalitieten in 
de temporele aanspanningspatronen te kunnen vaststellen tijdens de vroege 
revalidatiefase. Binnen de patienten werden vergelijkingen gamaakt over de tijd om 
vast te stellen of loopherstel gepaard ging met veranderingen in de temporele 
patronen van spieractiviteit  en –coactiviteit. De EMG patronen tijdens de eerste 
meting lieten abnormaal lange duren zien voor de activiteit van de paretische BF en 
in de RF van beide benen tijdens de SS fase, en voor de paretische GM tijdens de 
DS1 fase. Tevens bleek dat in deze fase de duur van de coactiviteit tussen BF en 
RF in het paretische been significant langer was dan bij gezonde subjecten. Over de 
tijd werden significante toenamen waargenomen in de algehele mobiliteit, de mate 
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van zelfstandig lopen en de maximale loopsnelheid wat aangeeft dat er substantiele 
verbeteringen hadden plaatsgevonden in de loopvaardigheid van patienten. Echter, 
ondanks deze functionele vooruitgang, werd geen verandering waargenomen in de 
duur van spieractiviteit en –coactiviteit en in de mate van zwaaifase assymetrie. Ook 
voor de temporele afwijkingen die werden gevonden tijdens de eerste meting 
werden geen tijdsgerelateerde veranderingen waargenomen wat er op duidt dat deze 
abnormaliteiten geen beletsel vormden voor het vebeteren van de loopvaardigheid. 
 Uit hoofdstuk 4 kan worden geconcludeerd dat modificatie of normalisatie 
van de spieraanspanningspatronen geen vereiste is voor gangherstel bij 
hemiparetische CVA patienten. Daarom dient het veranderen van de 
spieraanspanningspatronen geen belangrijk doel te zijn in de revalidatie van CVA 
patienten in de post-acute fase. Andere fysiologische processen dan verbeterde 
temporele regulatie van spieractiviteit, zoals de toename in spierkracht,  spelen 
mogelijk een belangrijkere rol bij het herstel van het loopvermogen na een CVA. 
 Ondanks de resultaten die beschreven staan in hoofdstuk 4 kan niet worden 
uitgesloten dat aan herstel gerelateerde veranderingen in neuromusculaire patronen 
zich op een andere wijze manifesteren dan in de globale temporele kenmerken. Het 
is namelijk mogelijk dat loopherstel niet zozeer gerelateerd is aan het formeren van 
nieuwe aanspanningspatronen (of het herstellen van oude patronen) maar aan de 
automatisering van nieuw geleerde patronen. Met andere woorden, mogelijk leren 
patienten tijdens het herstel om deze patronen met een grotere consistentie te 
produceren. Hoofdstuk 5 behandelt een studie die is uitgevoerd om deze 
hypothese te toetsen. In deze studie is principale componenten analyse gebruikt als 
een methode om de schrede tot schrede variabiliteit te kwantificeren voor patronen 
van de BF, de RF, de TA en de GM van beide benen in 14 hemiparetische CVA 
patienten en 15 controle subjecten. Bij het bepalen van deze variabiliteit werd een 
onderscheid gemaakt tussen de zgn ‘gain variabiliteit’ (d.i. schrede tot schrede 
variatie in de schaling van de amplitude van hetzelfde aanspanningspatroon) en 
‘residuele variabiliteit’ (willekeurige fluctuaties in de amplitude en 
faseverschuivingen) Patienten werden kort na binnenkomst in het 
revalidatiecentrum gemeten (gemiddeld 35 dagen na het CVA) en 1, 3 en 6 weken 
later. De resultaten laten zien dat tijdens de eerste meting zowel de schrede tot 
schrede gain variabiliteit als de residuele variabiliteit van het aanspanningspatroon 
van de BF in beide benen abnormaal hoog was. Over de tijd werden duidelijke 
verbeteringen waargenomen in de loopvaardigheid van patienten, met betrekking 
tot de algehele mobiliteit, de zelfstandigheid van het lopen en de maximale 
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loopsnelheid. Tijdens het loopherstel vond een significante reductie plaats van de 
gain variabiliteit van de paretische BF. Voor de andere spieren werden geen herstel 
gerelateerde veranderingen gevonden in de gain variabiliteit of de residuele 
variabiliteit van het aanspanningspatroon. Deze bevindingen geven steun  aan het 
idee dat de temporele structuur van spieractivatiepatronen zich reeds vroeg na het 
CVA ontwikkelen en dat loopherstel met name gerelateerd is aan de automatisering 
en meer consistente productie van deze patronen, wat resulteert in een afname in 
de schrede tot schrede variabiliteit van aanspanningspatronen tijdens het lopen. 
 De meerderheid van de onderzoeken naar het lopen van hemiparetici 
hebben betrekking op relatief simpele gangtaken waarin patienten wordt gevraagd 
‘van  A naar B’ te lopen, of om een bepaalde tijd of afstand af te leggen op de 
loopband. Uiteraard omvat het lopen in de wereld veel meer dan het afleggen van 
rechte en onverstoorde trajecten, en toekomstig onderzoek zou zich dan ook 
moeten richten op het adaptief vermogen hemiparetische lopers in meer complexe 
omstandigheden. Hoofdstuk 6 van dit proefschrift beschrijft een onderzoek naar 
de adaptiviteit van spatiotemporele schredeparameters in een groep hemiparetische 
CVA patienten. Hoewel verschillende dierstudies gewezen hebben op de 
belangrijke rol van de motorische cortex voor het controleren van vrijwillige 
aanpassingen in het gangpatroon, is er slechts weinig bekend over de effecten van 
corticale lesies op dit aanpassingsvermogen bij mensen. Obstakel vermijdingstaken 
bieden een mogelijkheid om aanpassingen in het stappatroon te onderzoeken in een 
gecontroleerde, experimentele context. Hoofdstuk 6 beschrijft een verkennend 
onderzoek naar het aantal fouten, de geprefereerde stapstrategieen (stapverkorting 
of stapverlenging) en de spatiotemporele kenmerken (procentuele toename van de 
staplengte, stapduur en de stapnelheid) tijdens het ontwijken van obstakels in 11 
hemiparetische CVA patienten en 7 gezonde controles. Patienten bleken minder 
succesvol in het ontwijken van de obstakels dan gezonden (14% van de trials vs 
0.5% bij gezonden) ongeacht of het obstakel werd aangeboden aan het paretische 
of het niet-paretische been. Het aantal niet-succesvolle trials nam systematisch toe 
naarmate de tijd om te reageren minder werd. Tijdens succesvolle trials werd het 
verlengen van de stap verkozen boven het verkorten van de stap. Deze tendens was 
groter bij patienten (stapverlenging in 91% van de trials tegen 75% bij gezonden), 
ongeacht of het obstakel werd aangeboden aan het paretische of niet-paretische 
been. In tegenspraak met eerder onderzoek van Patla en collega’s (1999) bleek dat 
de voorkeur voor bepaalde stapstrategieen niet werden bepaald door een criterium 
van minimale voetverplaatsing, gezien het feit dat stapverlenging zelfs in situaties 
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werd gebruikt waarin het spatieel voordeliger was om de stap te verkorten. Er 
werden geen significante verschillen gevonden in de toename van staplengte, 
stapduur en stapsnelheid van zowel de ontwijkstap als de daaropvolgende stap. 
Echter, voor een subgroep van trager lopende patienten (n=5) werden procentuele 
toenamen gevonden voor duur, lengte, en snelheid van de ontwijkstap. 
Vergelijkbare resultaten werden verkregen voor de daaropvolgende stap wat 
aangeeft dat deze subgroep meer moeite had om de verstoorde loopcadens te 
herstellen. Binnen de patientgroep werden geen systematische verschillen gevonden 
tussen het paretische en het niet-paretische been voor het foutenpercentage, de 
stapstrategieen of de spatiotemporele stapkenmerken. De resultaten die in 
hoofdstuk 6 zijn beschreven suggereren dat het vermogen van CVA patienten om 
op een adequate wijze de spatiotemporele kenmerken van hun stappatroon aan te 
passen, is aangedaan. Dit geldt met name als ontwijkingsmaneuvres moeten worden 
uitgevoerd onder tijdsdruk. De afwijkende stapstrategieen die door patienten 
worden gebruikt wijzen er op dat spatiele efficientie mogelijk wordt opgeofferd 
voor veiligheid, door te kiezen voor een motorisch minder complexe strategie. Tot 
slot wijzen de resultaten erop dat unilaterale corticale schade leidt tot een 
verminderde spatiotemporele flexibiliteit in beide benen wat er mogelijk op duidt 
dat het verminderd vermogen van CVA patienten om obstakels te ontwijken 
gerelateerd is aan problemen van een meer algemene coordinatieve aard. 
 De belangrijkste conclusie die uit dit proefscrift kan worden getrokken is dat 
de spieraanspanningspatronen van hemiparetische CVA patienten afwijken van de 
patronen van gezonde mensen, maar dat deze afwijkingen geen beletsel vormen 
voor herstel van de functionele loopvaardigheid. Mogelijk vertegenwoordt de 
meerderheid van deze abnormaliteiten compensatoire neuromusculaire strategieen 
die reeds vroeg na het CVA worden ontwikkeld en als zodanig wellicht een 
noodzakelijke voorwaarde (i.p.v. een beletsel) vormen voor loopherstel. Uit dit 
proefschrift blijkt verder dat loopherstel mogelijk gerelateerd is aan een meer 
consistente productie van spieraanspanningspatronen tijdens het lopen. Dit duidt er 
wellicht op dat de nieuw ontwikkelde (abnormale) aanspanningspatronen over het 
verloop van loopherstel worden geautomatiseerd. Omdat automatisering van 
neuromusculaire patronen zich uitsluitend kan ontwikkelen op basis van 
herhaaldelijk aangeboden, taakspecifieke afferente informatie, bieden deze 
bevindingen steun aan het idee dat loopvaardigheid getraind dient te worden in een 
taakspecifieke context en bij een hoge intensiteit.  
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Toch blijven, ook na voltooiing van dit proefschrift, nog veel vragen 
onbeantwoord.  In toekomstig onderzoek zouden experimenten kunnen worden 
ontworpen waaruit kan worden afgelied welke aspecten van de 
aanspanningspatronen van patienten een primaire stoornis vertegenwoordigen van 
de neuromusculaire controle, en welke aspecten een afspiegeling vormen van 
compensatoire strategieen. Verder zou onderzoek naar de timingsaspecten van 
aanspanningspatronen gebruik moeten gaan maken van meer gesofisticeerde 
analyse methoden die rekening houden met het continue karakter van EMG 
signalen. De huidige reductie van EMG patronen tot stapfuncties (aan/uit detectie) 
zorgt ervoor dat veel kostbare informatie over de musculaire controle van het lopen 
verloren gaat.  
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